
~ 

Copy Number GLI ”, 

( h A S A - C R - 1 7 4 7 9 1 )  SR-78 AEECELASIIC MODEL 
C € 5 l G h  h E E C i i l  (tsEiltcn S t a n t a x c )  118 p 

C S C L  z1Ii 

NnsA 

NASA CR 174791 

~ 8 0 - 2 8 9 2 a  

Unclas 
63/07 0164890 

SR-7A AEROELASTIC MODEL DESIGN REPORT 
Ocboter 1986 

I 
Prepared by: D. Nagle 

HAMILTON STANDARD 
UNITED TECHNOLOGIES CORPORATION 

Prepared for 
N a t iona I Aeronautics and Space Administration 

NASA-Lewis Research Center 
Contract N AS3-23051 

3. 



NASA CR 174791 

Prepared by: D. Nagle 
S. Auyeung 
J. Turnberg 

HAMILTON STANDARD 
UNITED TECHNOLOGIES CORPORATION 

Prepared for 
National Aeronautics and Space Administration 

NASA-Lewis Research Center 
Contract NAS3-23051 



, 

. 

, 



SUBJECT 

1 .o 

2 .o 

3.0 

4 .0  

5.0 

6 . 0  

7 .O 

8.0  

9.0 

APPENDIX  A 

APPENDIX B 

APPENDIX C 

APPENDIX D 

~ ~~ 

NASA CRl74791 

TABLE OF CONTENTS 

SUMMARY 

INTRODUCTION 

2.1 O r i g i n  o f  Prop-Fans 
2 .2  
2 .3  A n a l y t i c a l  Methodology 

REQUIREMENTS AND GOALS 

SELECTION OF AEROELASTIC MODEL 

4.1 S i m i l a r i t y  Requirements for A e r o e l a s t i c  Models 
4.2 R e t e n t i o n  S t i f f n e s s  S c a l i n g  
4.3 O r i g i n  o f  New-cons t ruc t ion  Model B lade 
4.4 F i n i t e  Element Mode l ing  I t e r a t i o n s  

FINAL BLADE CONCEPT 

STRUCTURAL EVALUATION 

6.1 Methodology 
6.2 A n a l y t i c a l  R e s u l t s  

O r i g i n  o f  SR-7L and A e r o e l a s t i c  Model 

HUB AND SPINNER 

7.1 Blade R e t e n t i o n  Design 
7.2 B lade R e t e n t i o n  Loads and S t resses  
7 .3  Hub L i p  S t resses  
7 . 4  B o l t  S t resses  

PITCH CHANGE MECHANISM 

8 .1  Blade Angle Adjustments 
8 .2  B lade T w i s t i n g  Loads 
8 .3  B lade P i t c h  Ad jus tment  P i n s  
8 .4  Face and B lade Gears S t resses  

CONCLUSIONS 

B lade Angle S e t t i n g  Tab le  

F i g u r e s  

Tab les  

Des ign  Layouts  

REFERENCES 

PAGE 

1 

3 

3 
3 
4 

5 

7 

7 
9 
11 
12 

15 

17 

17 
21 

29 

29 
30 
31 
32 

33 

33 
34 
35 
36 

39 

41 

47 

111 

117 

123 

i i i / iv 



NASA CRl74791 

1.0 SUMMARY 

A .62 meter  ( 2  f t )  d iamete r  Prop-Fan model has been des igned t o  s i m u l a t e  t h e  
a e r o e l a s t i c  c h a r a c t e r i s t i c s  of t h e  2.74 m e t e r  ( 9  f t )  d iamete r  SR-7L Prop-  
Fan. The model i s  t o  be t e s t e d  first i n  a w ind  t u n n e l  a t  t h e  NASA Lewis  
Research Cen te r  and then  a t  h i g h  a l t i t u d e ,  10668 m (35,000 f t ) ,  mounted a t o p  
a NASA J e t s t a r  a i r c r a f t .  S ince  i t  w i l l  be t e s t e d  i n  advance o f  t h e  l a r g e -  
s c a l e  Prop-Fan, t h e  model shou ld  p r o v i d e  v a l u a b l e  p r e l i m i n a r y  i n f o r m a t i o n  
about  t h e  a e r o e l a s t i c  b e h a v i o r  o f  t h e  l a r g e  Prop-Fan. 

The model b l a d e  c o n s t r u c t i o n  c o n s i s t s  o f  a sho r tened ,  s o l i d ,  t i t a n i u m  s p a r ,  
covered w i t h  a f i b e r g l a s s  s h e l l ,  l o c a l l y  r e i n f o r c e d  w i t h  g r a p h i t e .  T h i s  d i f -  
f e r s  from t h e  l a r g e  b lade ,  which has a f u l l - l e n g t h ,  s o l i d ,  aluminum spar  and 
an a l l  f i b e r g l a s s  s h e l l ,  w i t h  r i g i d  foam f i l l .  The d i f f e r e n c e s  a r e  due t o  
m a n u f a c t u r i n g  and d imens iona l  t o l e r a n c e  l i m i t a t i o n s  a r i s i n g  from t h e  4.511 
r e d u c t i o n  i n  s i z e  between b o t h  des igns .  For s i m i l a r  reasons ,  t h e  bend ing  
f l e x i b i l i t y  of t h e  l a r g e  b l a d e ,  b a l l - b e a r i n g  r e t e n t i o n  was approx imated w i t h  
a f i x e d ,  sma l l  d i a m e t e r ,  extended l e n g t h ,  model b l a d e  shank. T h i s  l e d  t o  t h e  
use of t i t a n i u m  as t h e  spar  m a t e r i a l ,  f o r  i n c r e a s e d  f a t i g u e  endurance.  Also, 
t h e  minimum t h i c k n e s s  r e q u i r e d  for  r e s i n  i n j e c t i o n  o f  t h e  s h e l l ,  coup led  w i t h  
a t h i n  t i p  on  t h i s  b l a d e ,  f o rced  a r e d u c t i o n  i n  spar  l e n g t h  t o  abou t  2 / 3  t h e  
span. The loss of spar  t i p  s t i f f n e s s  and mass i n  t h e  model was o f f s e t  by  t h e  
a d d i t i o n  of a few b r i d g i n g  p l i e s  of g r a p h i t e  i n  t h e  s h e l l  and t h e  use o f  
s o l i d  f i b e r g l a s s  f i l l  i n  t h e  t i p ,  r e s p e c t i v e l y .  T h i s  b l a d e  matches t h e  
s c a l e d  mass and s t i f f n e s s  d i s t r i b u t i o n s  o f  t h e  l a r g e  b l a d e  r e l a t i v e l y  w e l l .  

R e s u l t s  of f i n i t e  e lement  and s t a b i l i t y  analyses show t h a t ,  fo r  t h e  h i g h -  
a l t i t u d e  J e t s t a r  t e s t  case, t h e  a e r o e l a s t i c  c h a r a c t e r i s t i c s  of t h e  model 
b l a d e  match those of t h e  l a r g e  b l a d e  v e r y  w e l l ,  t hus  s a t i s f y i n g  t h e  p r i m a r y  
o b j e c t i v e  of t h i s  d e s i g n  e f fo r t .  The match for t h e  w ind  t u n n e l  case i s  l e s s  
d e s i r a b l e ,  however, because t h e  a i r  d e n s i t y  i s  h i g h ,  c a u s i n g  a r e d u c t i o n  i n  
h i g h  speed f l u t t e r  s t a b i l i t y .  A p p l i c a t i o n  of new e m p i r i c a l  f a c t o r s ,  d e r i v e d  
from r e c e n t  t e s t s  on compos i te  b l a d e  Prop-Fan models, shows t h a t  though i t  i s  
m a r g i n a l ,  t h e  a e r o e l a s t i c  model s t a b i l i t y  shou ld  be adequate up to  0 . 8  Mach 
number, r e q u i r e d  to  e v a l u a t e  aerodynamic per formance i n  t h e  w ind  t u n n e l .  

S t r e s s  r e s u l t s  show t h a t  t h e  model b lade ,  hub, and p i t c h  change components 
can be s a f e l y  o p e r a t e d  a t  a l l  t e s t  c o n d i t i o n s  ana lyzed .  However, s i n c e  
s t r e s s  ana lyses  were l i m i t e d  t o  s teady -s ta te  c o n d i t i o n s ,  model b l a d e  c y c l i c  
s t r e s s e s  s h o u l d  be m o n i t o r e d  i n  key  s t r e s s  r e g i o n s .  
l e v e l s  a r e  moderate,  and s u f f i c i e n t  c y c l i c  s t r e s s  c a p a c i t y  shou ld  e x i s t  f o r  
most c o n d i t i o n s .  However, i f  t e s t s  a r e  p lanned a t  s i g n i f i c a n t l y  d i f f e r e n t  
o p e r a t i n g  c o n d i t i o n s ,  f u r t h e r  ana lyses  should be conducted  t o  r e - e s t a b l  i s h  
key s teady  s t r e s s e s  and co r respond ing  l e v e l s  o f  a l l o w a b l e  c y c l i c  s t r e s s .  

C a l c u l a t e d  s teady  s t r e s s  
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2 . 0  INTRODUCTION 

2.1 O r i g i n  of  Prop-Fans 

The A i r c r a f t  Energy E f f i c i e n c y  (ACEE)  Program was funded  by  Congress i n  
1975. 
e f f i c i e n c y  o f  subsonic  commercial a i r c r a f t .  Of t h e  concepts  s t u d i e d  t o  
ach ieve  t h i s  g o a l ,  t h e  Advanced Turboprop o f f e r s  t h e  g r e a t e s t  p o t e n t i a l  f u e l  
sav ings .  Fo r  yea rs ,  t u r b o p r o p s  have been p r o v i d i n g  t r a n s p o r t a t i o n  e f f i c i e n t -  
l y  a t  speeds up to  Mach . 6  and a l t i t u d e s  up to  6096 mete rs  (20,000 f e e t ) .  

T h i s  program, d i r e c t e d  by  NASA, was e s t a b l i s h e d  t o  i n c r e a s e  t h e  f u e l  

The Advanced Turboprop Program ( A T P )  was c r e a t e d  t o  deve lop  t h e  t e c h n o l o g y  
r e q u i r e d  for e f f i c i e n t ,  r e l i a b l e ,  and accep tab le  o p e r a t i o n  o f  advanced t u r b o -  
prop-powered a i r c r a f t  a t  c r u i s e  speeds and a l t i t u d e s  up to  Mach .8  and 9144 
meters  (30,000 f e e t )  r e s p e c t i v e l y .  A t  t h e  same t i m e  c a b i n  c o m f o r t  l e v e l s  
( n o i s e  and v i b r a t i o n )  w i l l  have t o  be s i m i l a r  t o  those  o f  modern t u r b o f a n -  
powered a i r c r a f t .  R e s u l t s  o f  p r e v i o u s  engine s t u d i e s  have shown t h a t  t h e  use 
o f  m u l t i - b l a d e d ,  s w e p t - t i p  p r o p e l l e r s ,  c a l l e d  Prop-Fans, ex tends  t h e  e f f i -  
c i e n c y  advantage o f  t u r b o p r o p  p r o p u l s i o n  systems t o  t h e  h i g h e r  speeds r e -  
q u i r e d .  P o t e n t i a l  f u e l  sav ings  of  15 to 20 p e r c e n t  can be o b t a i n e d  u s i n g  
t u r b o p r o p  a i r c r a f t  equipped w i t h  Prop-Fans, as opposed t o  t u r b o f a n s  w i t h  t h e  
same l e v e l  o f  c o r e  eng ine  t e c h n o l o g y .  R e l a t i v e  t o  c u r r e n t  i n - s e r v i c e  t u r b o -  
f a n  powered a i r c r a f t ,  t h i s  would be a 30 t o  40 p e r c e n t  f u e l  s a v i n g s .  

2 .2  O r i g i n  o f  SR-7L and A e r o e l a s t i c  Model 

The f e a s i b i l i t y  o f  t h e  h igh-speed ( . 7  t o  .8  Mach no)  t u r b o p r o p  concep t  was 
v e r i f i e d  e a r l y  under  t h e  ATP u s i n g  sma l l  sca le  p r o p e l l e r  models .  A l t h o u g h  
h i g h  l e v e l s  o f  aerodynamic performance were o b t a i n e d  w i t h  these  models ,  t h e  
Large-sca le  Advanced Prop-Fan or LAP program was c r e a t e d  t o  deve lop  tech-  
n o l o g y  for t e s t i n g  a l a r g e  s c a l e  Prop-Fan i n  a r e a l  flow env i ronment .  T h i s  
l a r g e  s c a l e  Prop-Fan was d e s i g n a t e d  SR-7L. Because t h e  SR-7L w i l l  s i m u l a t e  
a s  c l o s e l y  as p o s s i b l e  a f u l l  s c a l e  Prop-Fan, i t  w i l l  be s i m i l a r  i n  c o n s t r u c -  
t i o n .  The b lades  w i l l  be l i g h t w e i g h t  composi te  s t r u c t u r e s  wh ich  a r e  v e r y  
s e n s i t i v e  to  s teady  and dynamic a i r  l o a d s .  These e l a s t i c  s t r u c t u r e s  a r e  
t h e r e f o r e  more l i k e l y  t o  encounter  f l u t t e r  t han  t h e  h e a v i e r  and s t i f f e r  meta 
b lades  used for  p a s t  models .  

I t  i s  for t h i s  reason t h a t  a smal l  s c a l e  a e r o e l a s t i c  model ,  62.23 cm. ( 2 4 . 5  
i n c h )  t i p  d i a m e t e r ,  d e s i g n a t e d  SR-7A, w i l l  be c o n s t r u c t e d .  P r o p e r l y  de- 
s igned ,  t h e  model shou ld  behave l i k e  t h e  SR-7L a t  t h e  same o p e r a t i n g  cond i -  
t i o n s .  
y s i s ,  a r e  c o n f i r m e d  by t e s t i n g ,  i t  i s  assumed t h a t  t h e  b e h a v i o r  o f  t h e  SR-7L. 
des igned w i t h  t h e  same a n a l y t i c a l  techn iques  and s i m i l a r  i n  c o n s t r u c t i o n ,  can 
be c o r r e c t l y  p r e d i c t e d .  

I f  €he a e r o e l a s t i c  c h a r a c t e r i s t i c s  of t h e  model ,  de te rm ined  by  a n a l -  

3 
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2 . 3  A n a l y t i c a l  Methodology 

I n  e a r l y  Prop-Fan s t u d i e s  a t  H a m i l t o n  S tandard ,  beam programs were de te rm ined  
t o  be i n s u f f i c i e n t  for  s t r u c t u r a l  a n a l y s i s  of  t h e  g e o m e t r i c a l l y  complex 
(w ide ,  t h i n ,  and swept)  Prop-Fan b l a d e s .  An in-house FEA ( f i n i t e  e lement  an- 
a l y s i s )  computer code, BESTRAN, was s e l e c t e d  t o  ana lyze  t h e  a e r o e l a s t i c  model 
b lade  because i t  o f f e r s  p r e -  and p o s t - p r o c e s s i n g  c a p a b i l i t i e s  f o r  geometry  
and s t r e s s  d a t a .  I t  was used for s teady  s t a t e  s t r e s s  a n a l y s i s  and f o r  com- 
p u t i n g  the s t i f f n e s s  and mass m a t r i c e s  used i n  subsequent  v i b r a t i o n  an- 
a l y s i s .  MSC/NASTRAN, w i t h  i t s  more e f f i c i e n t  e i g e n v a l u e  s o l v e r ,  was used t o  
c a l c u l a t e  n a t u r a l  f r e q u e n c i e s  and mode shapes. 

The p r e l i m i n a r y  FEA model o f  t h e  b l a d e  was f irst deve loped by  d i r e c t  s c a l i n g  
o f  an SR-7L b lade  FEA model.  A s  model b l a d e  c o n s t r u c t i o n  methods were r e -  
f i n e d ,  and the  f i n a l  s t a t i c  shape of t h e  SR-7L b l a d e  was de te rm ined ,  a com- 
p l e t e l y  new FEA model of t h e  SR-7A model b l a d e  was deve loped.  The e x t e r n a l  
shape o f  the  new model was s c a l e d  d i r e c t l y  from t h a t  of  t h e  l a r g e  b l a d e ,  b u t  
t h e  i n t e r n a l  s t r u c t u r e  was v a r i e d  t o  meet m a n u f a c t u r i n g  and r e t e n t i o n  con- 
s t r a i n t s ,  due t o  t h e  s m a l l e r  s i z e .  Severa l  i t e r a t i o n s  o f  t h e  i n t e r n a l  s t r u c -  
t u r e  were r e q u i r e d  t o  o b t a i n  t h e  f i n a l  match o f  d e f l e c t i o n  and a e r o e l a s t i c  
c h a r a c t e r i s t i c s  of  t h e  SR-7L b l a d e .  

4 
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3.0 REQUIREMENTS AND GOALS 

The main o b j e c t i v e  o f  t h i s  d e s i g n  e f f o r t  i s  t o  s i m u l a t e  t h e  a e r o e l a s t i c  cha r -  
a c t e r i s t i c s  of  t h e  SR-7L by means of a smal l -d iameter  s c a l e  model.  
e s t a b l i s h e d  t h a t  t h e  a e r o e l a s t i c  model be an e i g h t - b l a d e d  c o n f i g u r a t i o n  w i t h  
a t i p  d iamete r  o f  62.23 cm. (24.5 i n c h e s ) .  The hub and s p i n n e r  c o n t o u r s  a r e  
t o  match t h e  s p i n n e r  c o n t o u r  o f  t h e  SR-7L ( i . e . ,  d imens ions  o f  t h e  SR-7L 
sp inne r  a r e  sca led  down by the  r a t i o  o f  the t i p  d i a m e t e r s  - 62.23/274.32 = 
.22685). S i m i l a r l y ,  t h e  e x t e r n a l  shape of t h e  b l a d e  ( s t a t i c a l l y )  i s  t o  match 
t h a t  o f  t h e  2 . 7 4  meter ( 9  foot)  d iamete r  SR-7L b l a d e .  A p i t c h  change mechan- 
i s m  i s  t o  be des igned t o  a d j u s t  t h e  b l a d e  ang le  ( s t a t i c ,  n o n - r o t a t i n g  a d j u s t -  
ment o n l y ) .  

I t  was 

The a e r o e l a s t i c  model i s  to  be t e s t e d  on t h e  J e t s t a r  a r c r a f t  a t  t h e  Model 
Design C o n d i t i o n  1 o f  Tab le  3-1. I n  o r d e r  to  s i m u l a t e  a e r o e l a s t i c  c h a r a c t e r -  
i s t i c s ,  t h e  v i b r a t i o n  c h a r a c t e r i s t i c s  ( n a t u r a l  f r e q e n c  es and mode shapes) 
and f l u t t e r  behav io r  of t h e  model must match, as c l o s e  y as p o s s i b l e ,  t hose  
o f  t h e  SR-7L b lade  a t  t h e  same o p e r a t i n g  c o n d i t i o n s .  h i s  i s  t h e  p r i m a r y  de- 
s i g n  requ i remen t  for t h e  model b l a d e .  Th is  r e q u i r e m e n t  i s ,  o f  course ,  t o  be 
met w i t h i n  t h e  p r a c t i c a l  l i m i t a t i o n s  of m a t e r i a l s ,  m a n u f a c t u r i n g ,  and d e s i g n  
and a n a l y s i s  p rocedures .  

Also d e s i r e d  i s  t h a t  t h e  model be a b l e  t o  w i t h s t a n d  t e s t i n g  i n  t h e  NASA/Lewis 
2.44 meter ( 8  f t . )  by  1.83 meter  (6 f t .)  wind t u n n e l ,  so t h a t  t h e  per fo rmance 
and s t a b i l i t y  o f  t h e  model can be eva lua ted  a t  w ind  t u n n e l  c o n d i t i o n s .  V i -  
b r a t i o n  and f l u t t e r  ana lyses  o f  t h e  a e r o e l a s t i c  model must be pe r fo rmed  a t  
Model Des ign  C o n d i t i o n  2 o f  Tab le  3-1 t o  p r e d i c t  b e h a v i o r  i n  t h e  w ind  t u n n e l .  

F i n a l l y ,  s t r e s s  a n a l y s i s  o f  t h e  model must be conducted  to  ensure  t h a t  t h e  
b lades  a r e  s t r u c t u r a l l y  capab le  of o p e r a t i n g  a t  t i p  speeds up t o  290 
mete rs /sec  (950 f p s ) .  T h i s  i s  Model Design C o n d i t i o n  3 o f  Tab le  3-1. 

Because t h i s  i s  a t e s t  model program, t h e  model b lade  does n o t  have t o  meet 
a l l  the  s a f e t y  requ i remen ts  o f  a f u l l - s c a l e  b l a d e  wh ich  p r o p e l s  an a i r c r a f t .  
For i n s t a n c e ,  t he  e x t e n t  o f  f o r e i g n  o b j e c t  damage (FOD) was n o t  i n v e s t i -  
ga ted .  Also, no sheath  or e r o s i o n  c o a t i n g  i s  r e q u i r e d  because t h e  model w i l l  
n o t  be s u b j e c t e d  t o  t h e  h i g h  e r o s i v e  env i ronment  n o r m a l l y  encountered  by p ro -  
p e l l e r  b l a d e s  d u r i n g  ground maneuver ing.  

5 / 6  
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4.0 SELECTION OF AEROELASTIC MODEL 

4.1 

To p r o p e r l y  conduc t  a model t e s t  t h a t  w i l l  s i m u l a t e  t h e  a e r o e l a s t i c  p roper -  
t i e s  of t h e  SR-7L, i t  i s  necessary  t o  unders tand t h e  parameters  t o  be matched 
i n  o r d e r  t o  de te rm ine  t h e  t y p e  o f  c o n s t r u c t i o n  r e q u i r e d  for  t h e  s i m u l a t i o n .  

There a r e  s e v e r a l  b a s i c  parameters  g e n e r a l l y  cons ide red  i n  e v a l u a t i n g  s c a l e  
model t e s t s  o f  r o t a t i n g  l i f t i n g  s u r f a c e s .  (See r e f e r e n c e s  1 t h r o u g h  3 ) .  
These a r e  l i s t e d  as fol lows: 

S i m i l a r i t y  Requi rements for A e r o e l a s t i c  Models 

Mach Number 
Advance R a t i o  
Reynolds Number 
Lock Number 
Cauchy Number 
Reduced Frequency 
Froude Number 
Aerodynamic Damping 

The f o l l o w i n g  d i s c u s s i o n s  o f  these parameters a r e  based on  t h e  assumpt ion  
t h a t  a l l  t h e  geometry i s  s c a l e d  p r o p o r t i o n a t e l y ,  i . e . ,  t h e  r a t i o  of cho rd  to  
b l a d e  r a d i u s  and b l a d e  b u i l t - i n  t w i s t  remains t h e  same. T h i s  assumpt ion  i s  
v a l i d  based on  t h e  p r e v i o u s  d i s c u s s i o n  o f  t h e  requ i remen t  t h a t  t h e  e x t e r n a l  
b l a d e  shape of t h e  a e r o e l a s t i c  model be e x a c t l y  sca led  down from t h e  SR-7L. 

I n  o r d e r  t o  ach ieve  p roper  aerodynamic s i m i l a r i t y ,  t h e  l o c a l  b l a d e  s e c t i o n  
v e l o c i t i e s  need to  be i d e n t i c a l  t o  those o f  t h e  SR-7L. T h i s  i s  done by s i m -  
u l t a n e o u s l y  m a i n t a i n i n g  t h e  SR-7L t ip -speed and advance r a t i o .  Keep ing  t h e  
t i p -speed  c o n s t a n t  r e q u i r e s  t h a t  t h e  r o t a t i o n a l  speed for t h e  model be i n -  
v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a d i u s  between c o n f i g u r a t i o n s .  M a i n t a i n i n g  con- 
s t a n t  advance r a t i o  means t h a t  f o r w a r d  speed remains c o n s t a n t .  

Because t h e  f low a t  f o r w a r d  speed i n v o l v e s  l o c a l  b l a d e  s e c t i o n  v e l o c i t i e s  i n  
t h e  t r a n s o n i c  range,  i t  i s  i m p o r t a n t  t h a t  t h e  Reynolds Number be t h e  same fo r  
t h e  model and t h e  SR-7L. The Reynolds Number i s  a l s o  i m p o r t a n t  t o  h i g h  speed 
flows because o f  c o m p r e s s i b i l i t y  e f f e c t s  and boundary l a y e r  e f f e c t s .  
w i t h  d i f f e r e n t  Reynolds Numbers w i l l  have shocks l o c a t e d  on  t h e  b l a d e  sec- 
t i o n s  a t  d i f f e r e n t  p o s i t i o n s ,  d i f f e r e n t  types o f  flows i n  t h e  boundary l a y e r ,  
and d i f f e r e n t  a t tachmen t  p o i n t s .  

U n f o r t u n a t e l y ,  c o n s t a n t  Reynolds Numbers cannot  be m a i n t a i n e d  e a s i l y  a t  t h e  
same t ime  t h a t  Mach Number and d e n s i t y  r a t i o s  a r e  k e o t  cons 

Flows 

Number i s  d e f i n e d  as fo l lows: 

RE = pVc /p  where: p = a i r  d e n s i t y  
V = a i r  v e l o c i t y  
c = chord  l e n g t h  
p = abso lu te  v i s c o s i t y  of a 

a n t .  Reynolds 

r 
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i n d i c a t i n g  p r o p o r t i o n a l i t y  t o  l e n g t h  f o r  c o n s t a n t  v e l o c i t y .  
t u d e ,  t i p -speed ,  and fo rward  v e l o c i t i e s  a r e  c o n s t a n t ,  t h e  r a t i o  o f  t h e  
Reynolds Number i s  equal  t o  t h e  r a t i o s  o f  t h e  t i p  d i a m e t e r s ,  i . e . ,  
62.231274.32 = .22685, g e n e r a l l y  n o t  c o n s i d e r e d  too f a r  a p a r t .  A c c e p t i n g  t h e  
d i f f e r e n c e s  due t o  Reynolds Number was agreed t o  be t h e  b e s t  p a t h  to  fo l low.  

Because a l t i -  

The r a t i o  o f  a i r  f o r c e s  t o  i n e r t i a l  f o r c e s  i s  c a l l e d  Lock Number d e f i n e d  b y :  

Lock Number = ( p C , a R 4 Q ' ) / ( I ~ ' >  

where : p = a i r  d e n s i t y  
C, = mean cho rd  o f  b l a d e  
a = b l a d e  1 i f t - c u r v e  s l o p e  
R = b l a d e  r a d i u s  
g = a n g u l a r  v e l o c i t y  
I = i n e r t i a  o f  b l a d e  abou t  p r o p e l l e r  a x i s  

T h i s  must remain  c o n s t a n t  f o r  s c a l i n g  s i m i l a r i t y .  For a g i v e n  advance r a t i o ,  
V I R .  t he  a i r  f o r c e s  a r e  D r o D o r t i o n a l  t o  pQ'R4 and t h e  i n e r t i a l  f o r c e s  . .  
a r e ' p r o p o r t i o n a l  to  oQ2R4. 
d e n s i t y  ra t io  equa ls  a c o n s t a n t .  

The Lock Number simp 

p 1 0  = c o n s t a n t  

where: u = mean s t r u c t u r a l  d e n s i t y  o f  prope 

Th is  i n d i c a t e s  t h a t  t h e  a e r o e l a s t i c  model s h o u l d  

y b reaks  down t o  

l e r  b l a d e  

be t e s t e d  a t  t h e  same a i r  
d e n s i t y  i f  t h e  s t r u c t u r e  i s  s c a l e d  from t h e  SR-7L b l a d e  

S i m i l a r i t y  i n  s t r u c t u r a l  s t i f f n e s s  i s  o f t e n  e v a l u a t e d  t h r o u g h  t h e  use o f  t h e  
Cauchy Number. Th is  number r e p r e s e n t s  t h e  r a t i o  o f  t h e  f l a t w i s e  e l a s t i c  
force to  the  aerodynamic i n e r t i a l  f o r c e  a t  each b l a d e  s t a t i o n .  

Cauchy Number = E I I p V ' R "  

where: E = Young's  Modulus 
I = moment o f  i n e r t i a  o f  b l a d e  c r o s s  s e c t i o n  
p = a i r  d e n s i t y  
V = a i r  v e l o c i t y  
R = b l a d e  r a d i u s  

S ince  i n e r t i a ,  I ,  i s  p r o p o r t i o n a l  to  R " ,  t h e  Cauchy Number i s  p r o p o r t i o n a l  
t o  : 

EIpV' = c o n s t a n t  

For cons tan t  d e n s i t y  and v e l o c i t y ,  t h e  e f f e c t i v e  Young's  modulus has t o  be 
c o n s t a n t  between c o n f i g u r a t i o n s .  For p r o p e r  c o u p l i n g  between t h e  modes, i t  
i s  necessary to p r o p e r l y  s c a l e  t h e  edgewise s t i f f n e s s  and t o r s i o n a l  s t i f f n e s s  
d i s t r i b u t i o n s .  There fore ,  t h e  r a t i o  o f  edge w ise  and t o r s i o n a l  s t i f f n e s s  

8 
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d i s t r i b u t i o n s  t o  f l a t w i s e  s t i f f n e s s  d i s t r i b u t i o n s  has t o  remain  t h e  same. 
The s t i f f n e s s  parameters  can a l s o  be s imu la ted  by ma tch ing  t h e  P-order  f r e -  
quency p lacement  t o  those  of the  SR-7L b lade.  T h i s  assumes t h a t  t h e  mode 
shapes and i n e r t i a l  d i s t r i b u t i o n s  a r e  t h e  same. Keep ing  P-order  p lacement  
c o n s t a n t  r e q u i r e s  t h a t  f r e q u e n c i e s  be k e p t  i n v e r s e l y  p r o p o r t i o n a l  t o  b l a d e  
s i z e .  

F l u t t e r  boundar ies  a r e  g e n e r a l l y  a f u n c t i o n  o f  reduced f requency  and a r e  
g e n e r a l l y  e v a l u a t e d  a t  t h e  314 r a d i u s .  

Reduced Frequency = bw/V 

where : b = semi-chord l e n g t h  
V = v e l o c i t y  
w = f requency  

I f  t h e  v e l o c i t y ,  V ,  i s  c o n s t a n t ,  t h e  semi-chord, b, i s  p r o p o r t i o n a l  t o  s i z e  
and s i n c e  w i s  i n v e r s e l y  p r o p o r t i o n a l  to  s i z e ,  t h e  reduced f requency must 
be c o n s t a n t  between c o n f i g u r a t i o n s .  

G r a v i t a t i o n a l  f o r c e s  a r e  u s u a l l y  rep resen ted  b y  t h e  Froude Number wh ich  i s  
ned as t h e  r a t i o  o f  c e n t r i p e t a l  f o r c e  to  g r a v i t a t i o n a l  a c c e l e r a t i o n .  def 

Froude Number = RQ,, 

where: R = r a d i u s  t o  b l a d e  cg 
R = a n g u l a r  v e l o c i t y  
g = g r a v i t a t i o n a l  a c c e l e r a t i o n  

I t  i s  f e l t  t h a t  t h e  r a t i o  of i n e r t i a l  forces and a i r l o a d s  a r e  much g r e a t e r  
than the  g r a v i t a t i o n a l  f o r c e  such t h a t  t h e  e f f e c t  o f  g r a v i t y  i s  n e g l i g i b l e .  

L a s t l y ,  t h e  e f f e c t  o f  damping on s c a l i n g  has t o  be de termined.  Aerodynamic 
damping i s  a v e r y  i m p o r t a n t  f a c t o r  i n  dynamic response c o n s i d e r a t i o n s ,  s i n c e  
i t  i s  a p r i m a r y  i t e m  i n  c l a s s i c a l  t ype  f l u t t e r .  Except  for t h e  e f f e c t s  o f  
Reynolds Number d i s c r e p a n c i e s ,  t h i s  damping i s  a f u n c t i o n  o f  t h e  a 
which v a r y  as t h e  r a d i u s  squared. The u n i t  l o a d i n g  p e r  square cm 
for c o n s t a n t  Mach Number s c a l i n g  or cons tan t  reduced f requency .  

4 . 2  R e t e n t i o n  S t i f f n e s s  S c a l i n g  

The p r e v i o u s  d i s c u s s i o n  on s i m i l a r i t y  i s  p r e d i c a t e d  on t h e  assumpt 
t h e  sca led  model has s i m i l a r  mode shapes, P-order  f requenc ies ,  and 

r l o a d s  
s c o n s t a n t  

on  t h a t  
i n e r t i a l  

d i s t r i b u t i o n s  as t h e  l a r g e  b lade .  Th is  migh t  o c c u r  if t h e  model s t r u c t u r e  
were i d e n t i c a l  t o  t h e  SR-7L s t r u c t u r e  i n  compos i t i on  as w e l l  as geometry .  
Therefore,  t h e  f i rst  s t e p  was to  r e v i e w  the SR-7L model c h a r a c t e r i s t i c s  and 
t o  i n v e s t i g a t e  whether a sca led  v e r s i o n  w i t h  i d e n t i c a l  geometry  and composi- 
t i o n  would demonst ra te  match ing  c h a r a c t e r i s t i c s ,  a n a l y t i c a l l y .  T h i s  wou ld  
e s t a b l i s h  a b a s e l i n e .  To do t h i s ,  an FEA model of t h e  p r e l i m i n a r y  d e s i g n  r e -  
v iew (PDR) SR-7L b l a d e  was sca led  down and ana lyzed .  

9 
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A prob lem arose i n  s c a l i n g  t h e  r e t e n t i o n  s t i f f n e s s  o f  t h e  SR-7L b l a d e .  
approach i n v o l v e d  s c a l i n g  t h e  s t i f f n e s s  d i r e c t l y  by  t h e  r a t i o  o f  t h e  b l a d e  
loads .  

One 

The b l a d e  bend ing  moments a r e  a f u n c t i o n  o f  t h e  t i p  d iamete r  t o  t h e  
h e r e f o r e ,  t h e  r a t i o  o f  t h e  bend ing  s p r i n g s ,  Kox, Koy, and Koz 

f o r  d e f i n i t i o n  o f  c o o r d i n a t e  system) o f  t h e  model t o  those  of 
t h e  

S i m  
t h e  
sca 

A v  

t h i r d  power. 
(see F i g u r e  4- 

SR-7L i s :  

(62.231274 3 2 ) "  = .01167 

l a r l y ,  t h e  t h r u s t  and a x i a l  s p r i n g  r a t e s  a r e  f u n c t i o n s  o f  t h e  square of 
t i p  d iamete r .  I n  t h i s  case t h e  s p r i n g  c o n s t a n t s ,  K x ,  Ky, and Kz were 
ed from t h e  SR-7L by t h e  r a t i o :  

(62.231274.321' = .OS146 

b r a t i o n  a n a l y s i s  was Der formed on t h i s  s c a l e d  FEA b l a d e  model and i t  was 
found t h a t  t h e  f;equencies and mode shapes showed good c o r r e l a t i o n  t o  t h e  
SR-7L b lade (compare F i g u r e s  4-2 and 4 - 3 ) .  T h i s  tended to  s u b s t a n t i a t e  t h e  
r e t e n t i o n  s t i f f n e s s  s c a l i n g  p rocedure .  

A t  t h i s  p o i n t  t h e  use o f  a s o l i d  me ta l  b l a d e  was i n v e s t i g a t e d  by chang ing  a l l  
FEA m a t e r i a l  p r o p e r t i e s  t o  t h e  same m a t e r i a l .  T h i s  would have p r o v i d e d  t h e  
s i m p l e s t  model b l a d e  c o n s t r u c t i o n .  However, as a n t i c i p a t e d ,  m a t e r i a l  compos- 
i t i o n  and geometry were so d i f f e r e n t  t h a t  no  match was o b t a i n e d .  

Nex t ,  a means had t o  be found  t o  s i m u l a t e  p h y s i c a l l y  t h e  reduced r e t e n t i o n  
s t i f f n e s s  wh ich  was r e q u i r e d  a n a l y t i c a l l y .  Due to  space l i m i t a t i o n s  w i t h i n  
t h e  hub, and t h e  f a c t  t h a t  c r i t i c a l  b e a r i n g  t o l e r a n c e s  do n o t  s c a l e  d i r e c t l y ,  
a b a l l  bea r ing  r e t e n t i o n  such as used on  t h e  SR-7L c o u l d  n o t  be used on t h e  
model. S ince t h e  bend ing  s p r i n g  r a t e  o f  t h e  b a l l  b e a r i n g  i s  much lower  t h a n  
t h e  o t h e r  r e t e n t i o n  s p r i n g  r a t e s ,  i t  has t h e  g r e a t e s t  e f f e c t  on  t h e  b l a d e  
n a t u r a l  f requenc ies  and mode shapes. T h e r e f o r e ,  ways o f  s i m u l a t i n g  t h e  bear -  
i n g  bending s p r i n g  r a t e  on  t h e  model were i n v e s t i g a t e d .  The approach s e l e c t -  
ed was t o  r i g i d l y  clamp t h e  model b l a d e  a t  t h e  root and use a l o n g ,  s m a l l -  
d iameter  shank to  s i m u l a t e  bend inq  o f  t h e  r e t e n t i o n  b e a r i n q .  No a t t e m p t  was 
made to  match t h r u s t  and shear  
shank were c a l c u l a t e d  by a p p l y  
a c a n t i l e v e r e d  r o d  w i t h  an app 

K = E I I L .  

A t i t a n i u m  shank w i t h  a 1.588 
t h e  scaled-down aluminum shank 

sp;ing r a t e s .  The d iamete r -and  l e n g t h  o f  t h e  
ng t h e  f o r m u l a  fo r  t h e  bend ing  s p r i n g  r a t e  of 
i e d  bend ing  moment ( see  F i g u r e  4-4) :  

m. ( . 625  i n c h )  d iamete r  was s u b s t i t u t e d  for 
on t h e  F E A  model .  T i t a n i u m  was s e l e c t e d  be- 

cause t h e  shank d i a m e t e r ,  necessary  t o  s i m u l a t e  t h e  r e t e n t i o n  s t i f f n e s s  de- 
s i r e d ,  was s u i t a b l e  i n  t h i s ' m a t e r i a l  f o r  t h e  small hub enve lope.  Also, from 
a s t r e s s  s t a n d p o i n t ,  t h e  reduced d iamete r  shank r e q u i r e d  f o r  s t i f f n e s s  d i c -  
t a t e d  a h ighe r  s t r e n g t h  m a t e r i a l  t han  aluminum, wh ich  i s  t h e  m a t e r i a l  o f  t h e  
1 arge b lade.  

10 



NASA CR174791 

Again,  subsequent  v i b r a t i o n  a n a l y s i s  o f  
d iamete r ,  ex tended t i t a n i u m  shank, c o n f  
mode l i ng  b e a r i n g  f l e x i b i l i t y  (compare F 

the s c a l e  FEA model w i t h  a reduced-  
rmed t h e  v a l i d i t y  of t h i s  approach o f  
gure 4-5 t o  F i g u r e  4-2). 

4 .3  O r i g i n  o f  New-cons t ruc t i on  Model Blade 

A t  t h i s  p o i n t  a s c a l e d  model has been developed which had a reasonab le  r e t e n -  
t i o n  and c o r r e l a t e d  w e l l ,  d y n a m i c a l l y ,  w i t h  t h e  SR-7L. I t  i s  c o n v e n i e n t  to  
r e f e r  t o  t h i s  model as t h e  " e x a c t  s c a l e  model". However, i t  c o u l d  o n l y  be 
cons ide red  a t h e o r e t i c a l  model because i t  v i o l a t e d  p r a c t i c a l  c o n s t r u c t i o n  
methods. The spar  was composed o f  t i t a n i u m  i n  t h e  shank r e g i o n  and aluminum 
o u t b o a r d  o f  t h e  shank. The s h e l l  t h i cknesses  (wh ich  were s c a l e d  down from 
t h e  SR-7L) were n o t  adequate.  Because the minimum t h i c k n e s s  t o  wh ich  a spar  
c o u l d  be machined was .5 mm ( .020 i n c h ) ,  the  spar  would have t o  be t r u n c a t e d  
a c o n s i d e r a b l e  d i s t a n c e  i n b o a r d  of t h e  b lade t i p .  

I n  a p r e v i o u s  d i s c u s s i o n  about  s c a l i n g  parameters,  i t  was n o t e d  t h a t  s i m i l a r -  
i t i e s  o f  mode shapes, P-order  f requenc ies ,  and i n e r t i a l  d i s t r i b u t i o n s  oc-  
c u r r e d  i f  t h e  model s t r u c t u r e  were i d e n t i c a l  t o  t h e  SR-7L i n  c o n s t r u c t i o n  and 
geometry .  However, due to  manu fac tu r ing  l i m i t a t i o n s  f o r  t h e  model wh ich  d i d  
n o t  e x i s t  for t h e  SR-7L, t h e  s t i f f n e s s  and mass d i s t r i b u t i o n s  had to  be ad- 
j u s t e d  t o  p r o v i d e  s i m i l a r  P-order  f requenc ies .  T h i s  c o u l d  be accompl ished by  
ma tch ing  t h e  i n e r t i a l ,  mass, and s t i f f n e s s  r a d i a l  d i s t r i b u t i o n s  t o  those  o f  
t h e  e x a c t  s c a l e  model. S ince  an e x a c t  match of mass and s t i f f n e s s  was n e a r l y  
imposs ib le ,  i t  was dec ided  t o  f a v o r  match ing s t i f f n e s s  i n b o a r d  ( l e s s  t h a n  50% 
of t h e  b l a d e  span) w h i l e  a l s o  t r y i n g  to match t h e  mass o u t b o a r d  ( g r e a t e r  t han  
50% of t h e  b l a d e  span) t o  t h a t  of t h e  exac t  s c a l e  model .  
t ance  to  t h e  p r i m a r y  modes i n  t o r s i o n ,  edgewise bend ing ,  and f l a t w i s e  bend ing  
because of t h e  way i n e r t i a l  energy  i s  t r a n s f e r r e d  t o  t h e  s t r u c t u r a l  d i s p l a c e -  
ments d u r i n g  each o s c i l l a t i o n  f o r  these modes. 

T h i s  i s  o f  impor-  

A "new-cons t ruc t i on "  model b l a d e ,  based on c u r r e n t  m a n u f a c t u r i n g  techn iques ,  
reasonab le  s h e l l  t h i c k n e s s e s ,  and a t i t a n i u m  spar was deve loped.  The s e c t i o n  
p r o p e r t i e s  (ma jo r  and minor  moments of i n e r t i a  and a rea )  of t h e  new model 
were made as s i m i l a r  as p o s s i b l e  to  those o f  t h e  e x a c t  s c a l e  model a t  s e v e r a l  
r a d i a l  l o c a t i o n s  a l o n g  t h e  span of t h e  b lade.  

I t  became necessary  t o  u t i l i z e  a g r a p h i t e l f i b e r g l a s s  compos i te  s h e l l  i n  t h e  
r e g i o n  a d j a c e n t  t o  t h e  t i t a n i u m  spar ,  and i n  t h e  r e g i o n  e x t e n d i n g  beyond t h e  
t i p  of  t h e  fo re -sho r tened  spar .  G r a p h i t e  p r o v i d e d  s t i f f n e s s  i n  t h e  f l a t w i s e  
sense and i t s  low d e n s i t y  o f f s e t  t h e  heavy t i t a n i u m  s p a r .  

The H a m i l t o n  Standard  computer program H349, a s e c t i o n  p r o p e r t i e s  program, 
was used to  e v a l u a t e  t h e  match o f  s t i f f n e s s  and mass o f  t h e  e x a c t  s c a l e  
model. The procedure  was to  draw a p l a n  v i e w  of t h e  spar  based on t h e  e x a c t  
s c a l e  model spar .  An "educated  guess" o f  t h e  s h e l l  t h i c k n e s s e s  was made us- 
i n g  p r e v i o u s l y  agreed upon p l y  th i cknesses  o f  .140 mm. ( .0055 i n c h )  and .178 
mm. (.0070 i n c h )  f o r  t h e  f i b e r g l a s s  and g r a p h i t e ,  r e s p e c t i v e l y .  S e c t i o n  
p r o p e r t i e s  were then c a l c u l a t e d  u s i n g  t h e  H349 program. These p r o p e r t i e s  
were compared a g a i n s t  those o f  t h e  e x a c t  s c a l e  model a t  e v e r y  s t a t i o n .  Spar 
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w i d t h s  and s h e l l  t h i c k n e s s e s  were a d j u s t e d  as necessary .  A new smooth spar  
was drawn and ana lyzed  u s i n g  H349. These s teps  were r e p e a t e d  u n t i l  s e c t i o n  
p r o p e r t i e s  were as c l o s e  as p o s s i b l e  t o  those  o f  t h e  e x a c t  s c a l e  model .  

4 .4 F i n i t e  Element Mode l i ng  I t e r a t i o n s  

The n e x t  s t e p  was t o  c r e a t e  a f i n i t e  e lement  model o f  t h e  n e w - c o n s t r u c t i o n  
model b lade.  
l a y e r e d  c o n f i g u r a t i o n ,  i . e . ,  c e n t e r  l a y e r  of spar  and foam e lements ,  and two 
o f f s e t  l a y e r s  o f  s h e l l  e lements ( f a c e  and camber), would be an a c c e p t a b l e  
model. S ince a f i n i t e  e lement  model r e q u i r e s  c o n s i d e r a b l e  e f f o r t  to  con- 
s t r u c t ,  a p rep rocesso r  was w r i t t e n  t o  reduce t h e  t i m e  r e q u i r e d  to  c o n s t r u c t  
a n t i c i p a t e d  t r i a l  models by g e n e r a t i n g  t h e  m a t e r i a l ,  e l e m e n t a l ,  and noda l  
d a t a  necessary for  t h e  f i n i t e  e lement  a n a l y s i s .  
c u l a t e d  the e q u i v a l e n t  m a t e r i a l  p r o p e r t i e s  o f  t h e  f i b e r g l a s s l g r a p h i t e  compos- 
i t e  so t h a t  i t  c o u l d  be modeled as a s i n g l e  o f f s e t  l a y e r .  

P rev ious  exper ience  w i t h  t h e  SR-7L demonst ra ted  t h a t  a t h r e e -  

T h i s  p r e p r o c e s s o r  a l s o  c a l -  

A t  t h e  t ime t h e  f i r s t  f i n i t e  e lement  r e p r e s e n t a t i o n  o f  t h e  a e r o e l a s t i c  model 
was c rea ted ,  t h e  SR-7L was i n  t h e  e a r l y  phase o f  d e t a i l  d e s i g n .  F i n a l  geome- 
t r y  had no t  ye t  been de te rm ined .  Thus, t h e  geometry  o f  t h e  f i n i t e  e lement  
model had been sca led  down from t h e  SR-7L PDR s t a t i c  geomet ry .  The r e s u l t s  
o f  t h e  f i n i t e  e lement  v i b r a t i o n  a n a l y s i s  o f  t h i s  model were encourag ing .  
Frequencies and mode shapes were i n  good agreement w i t h  those  o f  t h e  SR-7L 
PDR b lade  (compare F i g u r e  4-6 t o  F i g u r e  4-21. The a e r o e l a s t i c  model was a l s o  
s l i g h t l y  more s t a b l e  than  t h e  PDR b l a d e .  

When i n f o r m a t i o n  became a v a i l a b l e  c o n c e r n i n g  t h e  f i n a l  d e s i g n  geomet ry  of  t h e  
SR-7L b lade,  a new f i n i t e  e lement  model was c r e a t e d .  T h i s  model r e f l e c t e d  
t h e  s t a t i c  ( p r e - d e f l e c t e d  and p r e - t w i s t e d )  shape o f  t h e  l a r g e  b l a d e .  
S teady -s ta te  l oads  were a p p l i e d  a n a l y t i c a l l y  and f r e q u e n c i e s  and s t a b i l i t y  
were c a l c u l a t e d  i n  t h e  d e f l e c t e d  p o s i t i o n .  Because t h i s  new model r e f l e c t e d  
changes i n  o n l y  t h e  e x t e r n a l  geometry o f  t h e  p r e v i o u s l y  s u c c e s s f u l  model 
b l a d e  ( ! . e . ,  no shank and spar  geometry  changes) ,  t h e  r a t h e r  poor  match o f  
v i b r a t i o n  a n a l y s i s  r e s u l t s  was n o t  expec ted  (compare F i g u r e s  4-7 and 4-8) .  
S ince  the f requenc ies  were g e n e r a l l y  l ower  than  those o f  t h e  SR-7L b l a d e ,  t h e  
shank d iameter  o f  t h e  model was i n c r e a s e d  t o  1.727 cm. ( . 6 8  i n c h ) .  Subse- 
quent  frequency a n a l y s i s  showed some improvement ,  b u t  t h e  s u r p r i s i n g  r e s u l t  
was t h a t  t h e  s t a b i l i t y  dropped s i g n i f i c a n t l y .  P a r t  o f  t h e  d r o p  was a t t r i b u t -  
ed t o  s t a r t i n g  t h e  model from t h e  s t a t i c  geometry  p o s i t i o n .  
were g r e a t e r  t han  a n t i c i p a t e d .  

T i p  d e f l e c t i o n s  

A c l o s e r  l o o k  i n t o  t h e  prob lem r e v e a l e d  t h a t  t h e  g r a p h i t e  p l i e s  had i n a d v e r -  
t e n t l y  been modeled a t  a 75 degree o r i e n t a t i o n  t o  t h e  b l a d e  spanwise a x i s .  
The bas i s  for p r e v i o u s  work w i t h  t h e  H349 s e c t i o n  p r o p e r t i e s  p rogram had i n -  
c luded  g r a p h i t e  p l i e s  o r i e n t e d  a t  ? 15 degrees .  A r e v i e w  o f  t h e  f r e q u e n c i e s  
and mode shapes up t o  t h a t  p o i n t  i n d i c a t e d  t h a t  i t  m i g h t  be advantageous t o  
o r i e n t  t h e  g r a p h i t e  p l i e s  a t  0 degree and 30 degrees .  
r a i s e  the t o r s i o n a l  f requency  ( f o u r t h  mode) by a l i g n i n g  t h e  g r a p h i t e  p l i e s  
r e l a t i v e  t o  t h e  sweep a n g l e  ( a p p r o x .  15 degrees)  near  t h e  b l a d e  t i p .  V i b r a -  
t i o n  a n a l y s i s  o f  t h i s  new f i n i t e  e lement  model r e v e a l e d  t h a t  t h e  mode shapes 

T h i s  was an a t t e m p t  t o  
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I 

were quite similar, but the frequencies were somewhat h 
the SR-7L blade. The model was also slightly more stab 
blade. The model was identified as 9C (corrected graph 

~ 

1 
I 

gher than those of 
e than the SR-7L 
te plies). 

Two other finite element models were constructed, varying the shank d ameter 
and graphite ply orientation, and adding leading edge mass near the t p (to 
simulate a sheath). 
dynamic/stability correlation to the SR-7L blade. Therefore, the mod 1 dis- 
cussed above, 9C, was selected as the final design. See Table 4-1 for a sum- 
mary of  the frequency and stability results of the various models analyzed. 

These models failed to yield any improvement in 

I 
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5.0 FINAL BLADE CONCEPT 

t h i s  
b l a d e  
b l a d e  
g l a s s  
t h e  p 

The f i n a l  model b lade ,  9C, s e l e c t e d  from the  a n a l y t i c a l  i t e r a t i o n s  d e s c r i b e d  
i n  t h e  p r e v i o u s  s e c t i o n ,  s a t i s f i e s  t h e  requ i rements  o u t l i n e d  i n  S e c t i o n  3 o f  

e p o r t .  The e x t e r n a l  geometry  i s  i d e n t i c a l l y  s c a l e d  from t h e  SR-7L 
Even t h e  .254 mm. (.010 i n c h )  t h i c k  e r o s i o n  c o a t i n g  o f  t h e  SR-7L 

has been s i m u l a t e d  b y  t h e  a d d i t i o n  o f  an o u t e r  s h e l l  l a y e r  of f i b e r -  
c l o t h ,  . O S 1  mm. (.002 i n c h )  t h i c k .  F i q u r e  5-1 shows a compar ison o f  
anforms o f  t h e  f i n a l  model b l a d e  and t h e  s c a l e d  SR-7L b l a d e .  

The a e r o e l a s t i c  model b l a d e  i s  composed of t h r e e  s t r u c t u r a l  l a y e r s :  a cen- 
t r a l  s p a r - a n d - f i l l e r  l a y e r  enve loped b y  two g r a p h i t e - r e i n f o r c e d  f i b e r g  ass 
s h e l l  o u t e r  l a y e r s  ( f a c e  and camber). Four p l i e s  o f  f i b e r g l a s s  c l o t h ,  each 
.140 mm. (.0055 i n c h )  t h i c k  w i t h  f i b e r  o r i e n t a t i o n s  o f  -25 degrees and +65 
degrees t o  t h e  b l a d e  a x i s ,  cove r  most of  t h e  b l a d e .  The s h e l l s  a r e  l o c a l l y  
r e i n f o r c e d  o v e r  t h e  spa r  w i t h  t h r e e  l a y e r s  o f  g r a p h i t e ,  each .178 mm. ( .007 
i n c h )  t h i c k ,  sandwiched between f i b e r g l a s s  p l i e s ,  w i t h  a l t e r n a t i n g  p l y  o r i e n -  
t a t i o n s  a t  0 degree and 30 degrees t o  t h e  b l a d e  a x i s .  See F i g u r e  5-2 for 
t y p i c a l  s h e l l  c r o s s  s e c t i o n s .  

The t i t a n i u m  spar  i s  somewhat na r rower  and t h i n n e r  t h a n  a s c a l e d  down SR-7L 
aluminum spar .  A l so ,  because o f  space l i m i t a t i o n s  i n s i d e  t h e  s h e l l  c a v i t y ,  
t h e  spar  i s  t r u n c a t e d  i n b o a r d  o f  t h e  t i p ,  a t  t h e  25.07 cm. (9 .87  i n c h )  s t a -  
t i o n .  Two g r a p h i t e  r e i n f o r c i n g  p l i e s  extend beyond t h e  t i p  o f  t h e  spar  to  
p r o v i d e  s t i f f n e s s  c o n t i n u i t y ,  s i m u l a t i n g  t h a t  o f  t h e  SR-7L f u l l - l e n g t h  spa r .  
Outboard  of t h e  22.86 cm. ( 9  i n c h )  s t a t i o n ,  c e n t e r  l a y e r  c a v i t i e s  c o n t a i n  
s o l i d  f i b e r g l a s s  f i l l .  The s o l i d  f i b e r g l a s s  f i l l  h e l p s  compensate f o r  t h e  
l a c k  o f  spa r  mass a t  t h e  t i p .  Low d e n s i t y  foam, -128  gms/cm’ ( 8  l b s  p e r  
cu.  f t . ) ,  f i l l s  t h e  c a v i t i e s  f o r e  and a f t  o f  t h e  spa r  i n b o a r d  o f  t h e  22.86 
cm. ( 9  i n c h )  s t a t i o n .  The shank d iameter ,  1.727 cm. ( .68  i n c h ) ,  i s  c o n s i d e r -  
a b l y  reduced fo r  reasons p r e v i o u s l y  exp la ined  ( S e c t i o n  4 ) .  F i g u r e  5-3 i s  a 
p l a n f o r m  o f  t h e  f i n a l  b l a d e  concept  w i t h  t h e  spa r ,  f i l l  c a v i t i e s ,  and graph-  
i t e  p l i e s  i n d i c a t e d .  
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6.0 STRUCTURAL EVALUATION 

6.1 Methodology 

6.1.1 FEA Modelinq 

The aeroelastic model blade was analyzed using a finite element program de- 
veloped at Hamilton Standard called BESTRAN. BESTRAN has been used for sev- 
eral years in the design of blades, during which time several pre- and post- 
processors have been developed to simplify and improve the design tasks. 
Particularly beneficial is the ability of the BESTRAN program to readily ob- 
tain informative plots, such as stress, strain, and deflection contours, as 
well as model plots (with node and element numbers) and thickness contour 
plots. 

Previous experience in the analysis of blades with spar/foam/shell configura- 
tions has shown that a three-layered finite element model with triangular 
elements yields quite satisfactory results. The three-nodes triangular ele- 
ments are similar to those used in NASTRAN finite element analysis in that 
both exhibit constant stress and strain across the element, and both have a 
linear variation of thickness from node to node (grid points). Figure 6-1 
shows a typical blade cross section which consists of a center layer of spar 
and foam elements to which offset layers of shell elements are rigidly linked. 

The procedure used for the formation of a finite element model follows. A 
full-size planform of the aeroelastic model, showing the airfoil and spar 
leading and trailing edge outlines, was drawn by scaling down the SR-7L by 
the ratio of tip diameters. Several parallel lines (blade station lines) 
were drawn connecting the leading and trailing edges of the airfoil. A net- 
work of grid points (nodes) and triangles (elements) was created between ad- 
jacent station lines. A fine break-up of triangles (small triangles) was de- 
sired at structurally crucial areas such as in the shank and at the transi- 
tion zone between the shank and the airfoil. Prior finite element analyses 
of blades had demonstrated that a coarser break-up of triangles would be ac- 
ceptable fore and aft of the spar where stresses are usually lower. To ob- 
tain more accurate results, equilateral triangles, generally thought to be 
ideal, were drawn wherever possible especially in the above-mentioned criti- 
cal areas of the blade. In areas of the blade where equilateral triangles 
could not be easily or practically achieved, the aspect ratios (i.e., ratio 
of the longest side to the shortest side) of the triangles were kept below 
two. In addition, no angle within a triangle exceeded 90 degrees wherever 
possible. The station lines and triangles were redrawn until the desired 
break-up and triangular shapes were obtained. 

Next, an input data deck to the BESTRAN processor had to be created. Part of 
the required data were the node table, which defined the thickness and global 
coordinates of the nodes; the element table, which connected the nodes t o  
form elements; the configuration table, which connected the offset layer to 
the center layer; and the material table, which defined the material proper- 
ties and stress angles of the elements. 
ous. It was for this reason, and also because it was suspected that several 

The bookkeeping tasks were enorm- 
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model r e v i s i o n s  would be made, t h a t  a p r e p r o c e s s o r  was w r i t t e n  t o  c r e a t e  nod- 
a l ,  e lemen ta l ,  and m a t e r i a l  d a t a .  The p r e p r o c e s s o r ,  a l s o  c a l l e d  on  a sub- 
r o u t i n e ,  was d e r i v e d  from a H a m i l t o n  Standard  l a m i n a t e s  program (H250) ,  t o  
c a l c u l a t e  t h e  m a t e r i a l  p r o p e r t i e s  o f  t h e  v a r i o u s  s h e l l  l a m i n a t e s .  T h i s  a l -  
lowed t h e  compos i te  s h e l l  l a y e r  ( f i b e r g l a s s  and g r a p h i t e )  t o  be modeled as 
s i n g l e  o f f s e t  l a y e r s ,  s a v i n g  c o n s i d e r a b l e  compu ta t i on  t i m e .  

The i n p u t s  r e q u i r e d  fo r  t h e  p rep rocesso r  were t h e  node and spar  l e a d i n g  and 
t r a i l i n g  edge l o c a t i o n s  a l o n g  t h e  s t a t i o n  l i n e ,  and t h e  d e f i n i t i o n  of t h e  
s h e l l  ( m a t e r i a l ,  t h i c k n e s s ,  and p l y  o r i e n t a t i o n ,  and p l y  d r o p  l o c a t i o n s  as 
p e r c e n t  o f  cho rd ) .  
ave rag ing  t h e  m a t e r i a l  p r o p e r t i e s  a t  t h e  t h r e e  nodes wh ich  compr ised t h e  e l e -  
ment. Because s e v e r a l  e lements  had t h e  same m a t e r i a l s ,  a check was w r i t t e n  
i n t o  t h e  p rep rocesso r  t o  e l i m i n a t e  d u p l i c a t e  m a t e r i a l  i n p u t s .  

M a t e r i a l  p r o p e r t i e s  f o r  each e lement  were d e r i v e d  by  

F i g u r e  6-2 i s  a f low c h a r t  o f  t h e  s teps  used i n  g e n e r a t i n g  a f i n i t e  e lement  
d a t a  deck. The f i n a l  FEA model c o n t a i n e d  562 nodes ( c e n t e r  l a y e r  o n l y ) ,  2165 
e lements ( t h r e e  l a y e r s ) ,  and 193 m a t e r i a l s .  

6.1 . 2  R e t e n t i o n  S i m u l a t i o n  I 
Once a s a t i s f a c t o r y  FEA model was c r e a t e d ,  i t  was necessa ry  to  de te rm ine  what 
t h e  boundary c o n d i t i o n s  were. Because a b a l l  b e a r i n g  r e t e n t i o n  c o u l d  n o t  be 
used as a means o f  r e t a i n i n g  t h e  b l a d e  w i t h i n  t h e  hub, t h e  b l a d e  shank was 
r i g i d l y  clamped to  t h e  hub. The reasons  fo r  t h i s  were d i s c u s s e d  a t  l e n g t h  i n  
S e c t i o n  4.2 of t h i s  r e p o r t .  F i g u r e  6-3 shows t h e  shank o f  t h e  b l a d e  clamped 
t o  the  hub. The dashed l i n e  i n  t h e  f i g u r e  r e p r e s e n t s  t h e  FEA model b l a d e  
shank. A c o n s t a n t  d iamete r  shank was used fo r  ease o f  mode l i ng .  The l o c a -  
t i o n  of the model shank i n b o a r d  s u r f a c e  was de te rm ined  by d raw ing  a 45 degree 
l i n e  from t h e  c e n t e r  o f  t h e  r a d i u s ,  R ,  t o  t h e  c o n t a c t  s u r f a c e  between t h e  
b lade  shank and t h e  hub, as shown i n  t h e  f i g u r e .  The f a c t  t h a t  t h e  FEA model 
b lade  d iameter ,  a t  t h e  c o n t a c t  p o i n t ,  was s l i g h t l y  l e s s  t h a n  t h a t  o f  t h e  ac- 
t u a l  model b l a d e ,  compensated f o r  t h e  f a c t  t h a t  t h e  c o n t a c t  a n g l e  was probab-  
l y  h ighe r  than  45 degrees ( d i c t a t i n g  a l o n g e r  shank) under  l o a d .  I n  o t h e r  
words, the bend ing  s t i f f n e s s  o f  t h e  FEA model shank i s  p r o b a b l y  t h e  same as 
t h a t  o f  the a c t u a l  b l a d e  wh ich  has a s l i g h t l y  l o n g e r  and l a r g e r  d iamete r  
shank i n  the  v i c i n i t y  o f  t h e  c o n t a c t  zone. 

To s imu la te  a clamped r e t e n t i o n ,  t h e  nodes a t  t h e  i n b o a r d  end o f  t h e  shank 
were r e s t r a i n e d  i n  a l l  s i x  degrees of freedom ( t h r e e  t r a n s l a t i o n a l  and t h r e e  
r o t a t i o n a l ) .  See F i g u r e  6-4. 

6 .1 .3  Loads A p p l i c a t i o n  I 
The a e r o e l a s t i c  model b l a d e  w i l l  be s u b j e c t e d  t o  c e n t r i f u g a l  l o a d s  and a i r  
l oads  ( t h r u s t  and t o r q u e )  d u r i n g  t e s t i n g .  The BESTRAN p r o c e s s o r  a u t o m a t i c a l -  
l y  imposes c e n t r i f u g a l  l oads  on  a r o t a t i n g  b l a d e  when t h e  r o t a t i o n a l  speed of 
t h e  b lade i s  i n c l u d e d  i n  t h e  BESTRAN d a t a  deck .  I n  o r d e r  t o  account  for  cen- 
t r i f u g a l  s t i f f n e s s ,  BESTRAN was execu ted  t w i c e .  The f i r s t  e x e c u t i o n  c r e a t e s  
a c e n t r i f u g a l  s t i f f e n i n g  m a t r i x .  I n  t h e  second e x e c u t i o n ,  t h e  c e n t r i f u g a l  
s t i f f n e s s  m a t r i x  i s  used, i n  a d d i t i o n  t o  t h e  s t r u c t u r a l  s t i f f n e s s  m a t r i x ,  t o  
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1 
I I a n a l y z e  t h e  b l a d e .  Exper ience w i t h  o t h e r  b lades  has shown t h a t  f o r  t h e  r e l a -  

t i v e  amounts o f  d e f o r m a t i o n  ( d e f l e c t i o n  and t w i s t )  p r e d i c t e d  w i t h  t h i s  b l a d e ,  
t h i s  t y p e  o f  a n a l y s i s  p r o v i d e s  r e s u l t s  t h a t  a r e  w i t h i n  5% o f  a l t e r n a t e ,  c o s t -  
l i e r ,  n o n - l i n e a r ,  converged s o l u t i o n s .  

A i r l o a d s  had p r e v i o u s l y  been a p p l i e d  to the FEA models a t  only one node p e r  
b l a d e  s t a t i o n .  U s u a l l y  t h e  node s e l e c t e d  was c l o s e  t o  t h e  aerodynamic c e n t e r  
o f  p r e s s u r e  a l o n g  t h e  cho rd .  Because Prop-Fan b lades  a r e  g e n e r a l l y  v e r y  t h i n  
b l a d e s ,  i t  was f e l t  t h a t  l o c a l  d i s t o r t i o n s  m i g h t  be c o n s i d e r a b l e  i f  t h e  a i r  
l oads  were a p p l i e d  as c o n c e n t r a t e d  l oads .  T h e r e f o r e ,  a program to  s i m u l a t e  
t h e  d i s t r i b u t e d  a i r  l oads  by l o a d i n g  a l l  the nodes a l o n g  t h e  cho rd  was c r e a t -  
ed. The program r e s o l v e d  power ( i n - p l a n e )  and t h r u s t  ( o u t - o f - p l a n e )  f o r c e s  
on  each s e c t i o n  i n t o  l i f t  and d r a g  l o a d s  a t  a l l  nodes o f  t h e  s e c t i o n  and d i s -  
t r i b u t e d  t h e  l i f t  f o r c e s  i n  such a way as to p r e s e r v e  t h e  c e n t e r - o f - p r e s s u r e  
s p e c i f i e d  a t  t h e  s e c t i o n .  The d i s c r e t e  loads a t  each node were then  f i n a l l y  
r e s o l v e d  i n t o  g l o b a l  c o o r d i n a t e s  c o n s i s t e n t  w i t h  t h e  a x i a l  conven t ions  o f  t h e  

6 .1 .4  Steady S t a t e  A n a l y s i s  

t h e  SR-7L b l a d e  were unwar ran ted .  The model b l a d e  w i l l  be t e s t e d  a t  c r u i s e  
c o n d i t i o n s ,  10,668 me te rs  (35,000 f t . )  a l t i t u d e  on t h e  J e t s t a r  a i r c r a f t  and 
a t  s e v e r a l  a n g l e  s e t t i n g s ,  i n c l u d i n g  c r u i s e ,  i n  t h e  w ind  t u n n e l .  The c y c l i c  
l oads  w i l l  be smal l  compared w i t h  those  encountered d u r i n g  a t a k e o f f / c l i m b  
c o n d i t i o n .  I t  was assumed t h a t  t h e  model b l a d e  w i l l  be w i n d - m i l l i n g  a t  a 
c r u i s e  b l a d e  ang le  when t h e  J e t s t a r  i s  c l i m b i n g .  However, t h e  t a k e o f f / c l i m b  

1 b l a d e  FEA model. 

1 

I S t r e s s  ana lyses  o f  t h e  a e r o e l a s t i c  mode1 b lade under  a l l  f l i g h t  c o n d i t i o n s  of I 

I 
I c o n d i t i o n  was i n v e s t i g a t e d  because NASA had reques ted  i t  t o  p r o v i d e  more d a t a  
I f o r  s t a b i l i t y  e v a l u a t i o n .  ~ 

O n l y  s teady  s t a t e  s t r e s s  ana lyses  were performed fo r  t h e  J e t s t a r  w ind  t u n n e l  
and t a k e o f f l c l i m b  c o n d i t i o n s .  The maximum a l l o w a b l e  c y c l i c  s t r e s s  c o u l d  be 
r e a d i l y  de termined by p l o t t i n g  t h e  maximum s teady  s t r e s s  on a Goodman D i a -  
gram. I t  i s  i m p o r t a n t  t h a t  s t r a i n  gauges be i n s t a l l e d  a t  s e v e r a l  l o c a t i o n s  
on  t h e  b l a d e ,  e s p e c i a l l y  i n  t h e  shank, t o  m o n i t o r  t h e  c y c l i c  s t r e s s e s .  

I 

A s  n o t e d  e a r l i e r ,  t h e  b l a d e  w i l l  be sub jec ted  t o  c e n t r i f u g a l  and a i r  l o a d s .  
The c e n t r i f u g a l  l oads  cause a x i a l  (membrane) s t r e s s e s  i n  t h e  b l a d e ,  and can 
a l s o  cause bend ing  s t r e s s e s  i f  t h e  b l a d e  has b u i l t - i n  o f f s e t  and /o r  sweep. 
The a i r  l oads  p r i m a r i l y  cause bend ing  s t r e s s e s .  T h i n  b lades  such as Prop-Fan 
b lades  can deve lop  h i g h  f l a t w i s e  bend ing  s t r e s s e s .  P rev ious  e x p e r i e n c e  i n  
b l a d e  des ign  has shown t h a t  w i t h  t h e  correct s e l e c t i o n  o f  o f f s e t ,  c e n t r i f u -  
g a l l y  induced bend ing  moments can be used t o  c o u n t e r a c t  t h e  a e r o d y n a m i c a l l y  
induced bend ing  moments, and thus  reduce bending s t r e s s e s  for a s e l e c t e d  op- 
e r a t i n g  c o n d i t i o n .  The SR-7L b l a d e  u t i l i z e s  o f f s e t  o p t i m i z a t i o n  t o  reduce 
s t r e s s  i n  t h e  b lade  i n b o a r d  r e g i o n ;  however, t h e  same c o u l d  n o t  be done i n  
t h e  t i p  r e g i o n  w i t h o u t  r i s k i n g  a e r o e l a s t i c  i n s t a b i l i t y .  T h e r e f o r e ,  t h e  t i p  
o f f se t  i n  t h e  l a r g e  b l a d e  was a compromise between s t r e s s  and s t a b i l i t y .  The 
o f f s e t  o f  t h e  a e r o e l a s t i c  model matches t h a t  o f  t h e  l a r g e  b l a d e  because i t  
was sca led  down e x a c t l y  from t h e  SR-7L s t a t i c  geometry ,  de termined t h r o u g h  
s e v e r a l  p r e d e f l e c t i o n  i t e r a t i o n s .  
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There was some concern  as t o  whether  or n o t  t h e  model wou ld  d e f l e c t  to t h e  
same r e l a t i v e  p o s i t i o n  under  l o a d  as t h e  SR-7L. The d e f l e c t i o n  o f  t h e  model 
b l a d e  w i l l  g i v e  an i n d i c a t i o n  as t o  how w e l l  t h e  s t i f f n e s s  and mass d i s t r i b u -  
t i o n s  o f  the  model b l a d e  ( t i t a n i u m l g r a p h i  t e / f i  b e r g l a s s  c o n s t r u c t i o n )  a r e  
matched t o  those  o f  t h e  SR-7L b l a d e  ( a l u m i n u m / f i b e r g l a s s  c o n s t r u c t i o n ) .  

I n  o r d e r  to de te rm ine  t h e  s t r e s s e s  and d e f l e c t i o n s  o f  t h e  a e r o e l a s t i c  b l a d e ,  
BESTRAN was executed .  A s  s t a t e d  b e f o r e ,  BESTRAN was r u n  t w i c e  i n  o r d e r  t o  
i n c o r p o r a t e  t h e  c e n t r i f u g a l  s t i f f e n i n g  e f f e c t s  o f  t h e  r o t a t i n g  b l a d e .  The 
BESTRAN pos tp rocesso r  was used t o  o b t a i n  s t r e s s  and d e f l e c t i o n  p l o t s .  Be- 
cause t h e  s h e l l  i s  a compos i te  l a m i n a t e  o f  f i b e r g l a s s  and g r a p h i t e  i n  an 
epoxy m a t r i x ,  t h e  s t r e s s e s  c a l c u l a t e d  a r e  average s t r e s s e s  t h r o u g h  t h e  t h i c k -  
ness o f  the  l a m i n a t e .  To r e v i e w  t h e  r e s u l t s ,  i t  was dec ided  t o  p l o t  s t r a i n  
con tou rs  for t h e  s h e l l  such t h a t  s t r e s s e s  i n  each l a y e r  c o u l d  be e v a l u a t e d  by 
m u l t i p l y i n g  t h e  s t r a i n  by  t h e  modulus o f  t h e  l a y e r  i n  q u e s t i o n .  BESTRAN was 
r u n  f o r  those o p e r a t i n g  c o n d i t i o n s  n o t e d  i n  S e c t i o n  3 o f  t h i s  r e p o r t .  

6.1.5 Resonant Frequenc ies  and Mode Shapes 

I t  has been s t a t e d  t h a t  i n  o r d e r  t o  s i m u l a t e  t h e  a e r o e l a s t i c  c h a r a c t e r i s t i c s  
o f  t h e  SR-7L b lade ,  t h e  c o r r e s p o n d i n g  f r e q u e n c i e s  and mode shapes would have 
t o  be ve ry  s i m i l a r .  Because a f  t h e  d i f f i c u l t y  i n  ma tch ing  t h e  s t i f f n e s s  and 
mass e x a c t l y  to t h e  SR-7L b l a d e ,  s e v e r a l  f i n e  ad jus tmen ts  t o  t h e  b l a d e  con- 
s t r u c t i o n  were a n t i c i p a t e d .  A v i b r a t i o n  a n a l y s i s  was r e q u i r e d  fo r  each r e -  
v i s i o n .  An e f f i c i e n t  means o f  c a l c u l a t i n g  t h o s e  f r e q u e n c i e s  and mode shapes 
i n v o l v e d  c o n v e r t i n g  t h e  BESTRAN d a t a  deck to  an e q u i v a l e n t  NASTRAN i n p u t  
deck, and e n t e r i n g  t h e  re - fo rma t ted  BESTRAN mass and s t i f f n e s s  m a t r i c e s  
( s t r u c t u r a l  and c e n t r i f u g a l )  d i r e c t l y  i n t o  t h e  NASTRAN s o l v e r .  F requenc ies  
from t e s t  cases ana lyzed i n  t h i s  manner have been found  t o  c o r r e l a t e  ext reme- 
l y  w e l l  w i t h  t h e  BESTRAN-calculated f r e q u e n c i e s  and a r e  a c h i e v e a b l e  a t  a 
f r a c t i o n  o f  t h e  t ime  and c o s t .  A p o s t p r o c e s s o r  was u t i l i z e d  t o  r e a d  t h e  
NASTRAN modal o u t p u t  and c r e a t e  mode shape p l o t s .  

P l o t t i n g  the  SR-7L b l a d e  and a e r o e l a s t i c  model b l a d e  f r e q u e n c i e s  on a "mod- 
i f i e d "  Campbell Diagram proved t o  be an e f f e c t i v e  way t o  compare f r e q u e n c i e s  
a t  a g lance.  Norma l l y ,  a Campbell D iagram i s  a p l o t  o f  "Frequency"  ( v e r t i c a l  
a x i s )  versus " p r o p e l l e r  RPM" ( h o r i z o n t a l  a x i s ) .  I n  t h i s  case,  however, i t  
was d i f f i c u l t  t o  compare f requenc ies  because t h e  model and SR-7L b lades  d i d  
n o t  opera te  a t  t h e  same r o t a t i o n a l  speeds. The r a t i o  o f  t h e  r o t a t i o n a l  
speeds o f  t h e  a e r o e l a s t i c  model b l a d e  t o  t h e  SR-7L b l a d e  i s  i n v e r s e l y  p r o p o r -  
t i o n a l  t o  t h e  r a t i o  o f  t h e  d i a m e t e r s ,  as shown i n  t h e  f o l l o w i n g  e q u a t i o n :  

W d W 1  = D l / D m  

where: Wm - r o t a t i o n a l  speed of a e r o e l a s t i c  model 
W 1  - r o t a t i o n a l  speed o f  SR-7L 
Dm - t i p  d iamete r  of a e r o e l a s t i c  model 
D1 - t i p  d iamete r  o f  SR-7L 
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There fo re ,  t o  negate  t h e  d iamete r  e f f e c t s ,  t h e  Campbell  D iagram was m o d i f i e d  
by p l o t t i n g  " f requency  t imes  t i p  r a d i u s "  versus  " p r o p e l l e r  RPM t imes  t i p  r a d -  
i u s "  versus  " p r o p e l l e r  RPM t i m e s t o p  r a d i u s " .  F i g u r e  6-5 shows a compar ison 
o f  a Campbell D iagram and a m o d i f i e d  Campbell D iagram for a t y p i c a l  d e s i g n  
i t e r a t i o n .  Th is  t y p e  of m o d i f i e d  d iagram i s  used t o  compare r e s u l t s  o f  t h e  
f i n a l  b lade  i n  S e c t i o n  6 .2 .4 .  

6.1.6 Stability 
I The f i n a l  s t e p  i n  t h e  v e r i f i c a t i o n  o f  a e r o e l a s t i c  s i m i l a r i t y  between t h e  .67 

meter (24 .5  i n . )  d iamete r  SR-7A a e r o e l a s t i c  model and t h e  2 .74  meter  ( 9  f t . )  

a e r o e l a s t i c  s t a b i l i t y  a n a l y s i s .  V e r i f i c a t i o n  o f  t h e  model was de te rm ined  by  
comparing i t s  s t a b i l i t y  t o  t h e  SR-7L b lade  a t  t h e  d e s i g n  c r u i s e  c o n d i t i o n :  

(800 f t / s e c >  t i p  speed. S t a b i l i t y  checks a t  t h i s  c o n d i t i o n  were per fo rmed on 
a number o f  model c o n f i g u r a t i o n s  because the  c o n s t r u c t i o n  o f  a .62 meter  
(24 .5  i n . )  d iamete r  model d i f f e r s  s u b s t a n t i a l l y  from t h a t  o f  t h e  f u l l  s i z e  
Prop-Fan. However, r e s u l t s  of only t h e  f i n a l  s e l e c t e d  a e r o e l a s t i c  model con- 
f i g u r a t i o n  w i l l  be rev iewed  i n  t h i s  r e p o r t .  A d d i t i o n a l  s t a b i l i t y  checks a t  
o t h e r  c o n d i t i o n s  were performed on the  s e l e c t e d  d e s i g n  to  l e n d  gu idance t o  
f u t u r e  t e s t i n g  o f  t h e  model on  t h e  J e t s t a r  a i r c r a f t  and t h e  2.44 meter  ( 8  
f t . )  by 1.83 meter ( 6  f t.) NASA Lewis wind t u n n e l .  The c o n d i t i o n s  f o r  these  
check cases cor respond to  a t a k e o f f l c l i m b  c o n d i t i o n  and a d e s i g n  c r u i s e  p e r -  
formance s i m u l a t i o n  i n  the  wind t u n n e l .  

, 

I d iameter  SR-7L i s  a Comparison o f  t h e  s t a b i l i t y  p r e d i c t i o n s  u s i n g  a common 

1 Mach .8 f l i g h t  speed, 10,668 meters  (35,000 f t .)  a l t i t u d e ,  and 243.8 m/sec 

I 

I 

I 

I 

I 
1 

I 

To make t h e  a e r o e l a s t i c  s t a b i l i t y  comparison, t h e  same a e r o e l a s t i c  a n a l y s i s  
used i n  c o n j u n c t i o n  w i t h  t h e  SR-7L was u t i l i z e d .  T h i s  program i s  a modal an- 
a l y s i s ,  deve loped in -house,  t h a t  uses mode shapes from f i n i t e  e lement  a n a l -  
y s i s  p r e d i c t i o n s  and coup les  uns teady  aerodynamic l oads  t o  t h e  mode shapes t o  
de termine b l a d e  s t a b i l i t y .  A m o d i f i e d  v e r s i o n  o f  t h e  s t a b i l i t y  a n a l y s i s  was 
used for  t h e  wind t u n n e l  o p e r a t i n g  c o n d i t i o n .  The m o d i f i c a t i o n s  i n c l u d e  t h e  
a d d i t i o n  o f  th ree -d imens iona l  b lade  t i p  e f f e c t s  i n  te rms o f  a t i p  loss f a c -  
t o r ,  and e m p i r i c a l  a i r f o i l  da ta .  t 

6 . 2  A n a l y t i c a l  R e s u l t s  

6.2.1 D e f l e c t i o n s  

A s ta tement  was made e a r l i e r  i n  t h i s  r e p o r t  t h a t  t h e  d e f l e c t i o n s  under l o a d  
can i n d i c a t e  how s i m i l a r  t h e  model b lade  mass and s t i f f n e s s  d i s t r i b u t i o n s  a r e  
t o  those o f  t h e  SR-7L b l a d e .  P l o t s  c o n t a i n i n g  c o n t o u r s  of t h e  d e f l e c t i o n s  
r e s o l v e d  normal t o  t h e  chord  a t  t h e  75% b lade r a d i a l  s t a t i o n  ( r e f e r r e d  t o  
h e r e a f t e r  a s  t h e  3 / 4  cho rd )  were genera ted  by s e l e c t i n g  t h e  a p p l i c a b l e  
BESTRAN p o s t - p r o c e s s i n g  o p t i o n .  When p l o t t e d  on a v i e w  of t h e  b l a d e  t a k e n  
normal t o  t h e  314 cho rd ,  t he  c o n t o u r s  r e f l e c t  d e f l e c t i o n  i n t o  and o u t  o f  t h e  
p lane  o f  t h e  paper.  A c o n v e n i e n t  way t o  compare d e f l e c t i o n s  was t o  m u l t i p l y  
t h e  SR-7L b l a d e  d e f l e c t i o n s  by t h e  r a t i o  o f  t h e  d i a m e t e r s  o f  t h e  model b l a d e  
to  the  SR-7L b lade  ( 1 . e . .  62.23/274.32 - .22685) .  These would t h e o r e t i c a l l y  
be the  d e f l e c t i o n s  of an e x a c t - s c a l e  model. 
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The l o c a t i o n s  and magni tudes of maximum p o s i t i v e  ( o u t  of  t h e  paper )  and max- 
imum nega t i ve  ( i n t o  t h e  paper )  d e f l e c t i o n s  were compared o n  b o t h  b lades ,  as 
shown i n  F i g u r e  6-6. 
meters  (35,000 f t . )  c r u i s e  c o n d i t i o n .  The maximum n e g a t i v e  d e f l e c t i o n  o c c u r s  
a t  t h e  t r a i l i n g  edge of t h e  t i p  s t a t i o n  f o r  b o t h  b l a d e s .  
i n c h )  d e f l e c t i o n  o f  t h e  model b l a d e  compares v e r y  w e l l  w i t h  t h e  scaled-down 
d e f l e c t i o n ,  2 .79 mm ( . 1 1  i n c h )  o f  t h e  SR-7L b l a d e .  

These a r e  t h e  c a l c u l a t e d  d e f l e c t i o n s  fo r  t h e  10,668 

The 2.29 mm ( . 0 9  

The maximum p o s i t i v e  d e f l e c t i o n s  o c c u r r e d  a t  t h e  l e a d i n g  edge o f  t h e  b l a d e  a t  
app rox ima te l y  t h e  85% b l a d e  r a d i a l  s t a t i o n .  Aga in ,  t h e  d e f l e c t i o n s  compare 
v e r y  w e l l  - 3.05 mm ( . 1 2  i n c h )  fo r  t h e  scaled-down SR-7L ve rsus  3.30 mm ( . 1 3  
i n c h )  for t h e  a e r o e l a s t i c  model .  D e f l e c t i o n  c o n t o u r s  and node l i n e s  o f  t h e  
r e s p e c t i v e  b lades  were a l s o  q u i t e  s i m i l a r .  

The a e r o e l a s t i c  model b l a d e  w i l l  be t e s t e d  i n  t h e  NASA/Lewis 2 .44  meter  ( 8  
f t . )  by 1.83 meter  ( 6  f t . )  wind  t u n n e l  as w e l l .  Wind t u n n e l  p r e s s u r e s  e q u i v -  
a l e n t  to  a 2292 meter  (7520 f t.) a l t i t u d e  and r o t a t i o n a l  speeds o f  8622 rpm 
w i l l  cause t h e  b l a d e  t o  exper ience  h i g h e r  a i r  and c e n t r i f u g a l  l o a d s .  Because 
o f  t h i s ,  the model b l a d e  w i l l  d e f l e c t  more i n  t h e  w ind  t u n n e l  t h a n  a t  10,668 
meters  (35,000 f t . ) .  T h i s  i s  c l e a r l y  i l l u s t r a t e d  i n  t h e  d e f l e c t i o n  p l o t  
shown i n  F i g u r e  6-7. The maximum n e g a t i v e  d e f l e c t i o n ,  a g a i n  a t  t h e  t r a i l i n g  
edge t i p  s t a t i o n ,  i s  5 .33  mm ( .21  i n c h ) ,  more t h a n  t w i c e  t h e  d e f l e c t i o n  a t  a 
10,668 meter (35,000 f t . )  a l t i t u d e .  The maximum p o s i t i v e  d e f l e c t i o n  i s  2 .79  
mm ( . 1 1  i n c h ) ,  v e r y  s i m i l a r  t o  t h a t  for  t h e  10,668 meter  (35,000 f t . )  a l t i -  
t ude  case. These f a c t s ,  and t h e  l o c a t i o n  o f  t h e  d e f l e c t i o n  c o n t o u r s  (node 
l i n e  i n  p a r t i c u l a r )  i n d i c a t e  t h a t  most o f  t h e  d i f f e r e n c e  i n  d e f l e c t i o n  o c c u r s  
i n  t h e  o u t e r  10% o f  t h e  b l a d e  span. 

Another  way t o  compare d e f l e c t i o n s  i s  shown i n  F i g u r e  6-8. The t r a n s l a t i o n  
and r o t a t i o n  o f  t h e  t i p  a r e  shown. I t  i s  f e l t  t h a t  i f  b o t h  t h e  d i sp lacemen t  
and t w i s t  of t h e  model b l a d e  a r e  s i m i l a r  to  those of  t h e  SR-7L b l a d e ,  t h e  
s t a b i l i t i e s  shou ld  compare w e l l .  The d e f l e c t i o n  and t w i s t  compar isons be- 
tween bo th  b lades  a r e  summarized i n  F i g u r e  6-8. A s  can be seen from t h e  
t a b l e  i n  t h a t  f i g u r e ,  t h e  t w i s t  and t o t a l  d e f l e c t i o n  agree q u i t e  w e l l  a t  t h e  
10,668 meter (35,000 f t . )  d e s i g n  c r u i s e  case.  The t w i s t  change i n  t h e  w ind  
tunne l  i s  a l s o  q u i t e  c l o s e  to  t h e  
i n g  o f  aerodynamic per fo rmance.  
l a r g e r ,  however, w i l l  r e s u l t  i n  a 
was deemed accep tab le  and w i l l  be 
i t y  s e c t i o n ,  6 .2 .6 .  

6 .2 .1  Shank Loads 

A s  w i t h  any t e s t  model program, s 
c a t i o n s  on t h e  b lade .  S ince  t h i s  

l a r g e  b l a d e ,  and shou ld  p e r m i t  v a l i d  t e s  
he f a c t  t h a t  t h e  w ind  t u n n e l  d e f l e c t i o n  
decrease i n  a e r o e l a s t i c  s t a b i l i t y .  T h i s  
d i scussed  i n  g r e a t e r  d e t a i l  i n  t h e  s t a b i  

r a i n  gauges w i l l  be mounted a t  s e v e r a l  lo-  
i s  an a e r o e l a s t i c  model. qauqes shou ld  be 

p o s i t i o n e d  so t h a t  edgewise,  f l a t w i s e ,  and t o r s i o n a l  mode'shapes can be d i f -  
f e r e n t i a t e d .  I t  i s  a l s o  i m p o r t a n t ,  though,  t o  l o c a t e  s t r a i n  gauges a t  p r e -  
determined l o c a t i o n s  of maximum s t r e s s e s  so t h a t  t h e y  can be c a r e f u l l y  mon- 
i t o r e d .  A s  w i l l  be d e s c r i b e d  i n  t h e  n e x t  s e c t i o n  a b o u t  s t r e s s l s t r e n g t h  com- 
p a r i s o n s ,  t h e  h i g h e s t  spar  s t r e s s e s  a r e  found i n  t h e  shank. I n  o r d e r  t o  mon- 
i t o r  these s t r e s s e s ,  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  moments shou ld  be known. 
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Shear l oads ,  moments, and t h e i r  d i r e c t i o n s  a r e  p r o v i d e d  i n  Tab le  6-1 f o r  sev- 
e r a l  l o a d  c o n d i t i o n s .  These loads  and moments a r e  t a k e n  a t  t h e  b l a d e  r e t e n -  
t i o n .  S i g n  conven t ions  for b l a d e  loads  and moments a r e  g i v e n  i n  F i g u r e  6-9. 

Because t h e  b l a d e  loads  and moments l i s t e d  i n  Tab le  6-1 were de te rm ined  a t  
t h e  b lade  r e t e n t i o n ,  t hese  w i l l  be t h e  same loads  wh ich  w i l l  be a p p l i e d  t o  
t h e  hub. The bend ing  moment w i l l  be used to  de te rm ine  t h e  c o n t a c t  s t r e s s e s  
a t  t h e  shank/hub i n t e r f a c e  and t h e  hub l i p  s t r e s s e s .  Note  t h a t  one o f  t h e  
c o n d i t i o n s  g i v e n  i n  Table 6-1 i s  a t a k e o f f l c l i m b  c o n d i t i o n  w i t h  n o  a i r  
loads .  T h i s  i s  a h y p o t h e t i c a l  c o n d i t i o n  o f  r u n n i n g  t h e  model b lades  i n  a 
vacuum a t  h i g h  rpm. A t  t h i s  c o n d i t i o n ,  the b lades  would a p p l y  a h i g h  bend ing  
moment t o  t h e  hub.  The c o n s e r v a t i v e  approach was t a k e n  t h a t  i f  t h e  hub was 
des igned t o  w i t h s t a n d  t h i s  h i g h  bend ing  moment, i t  shou ld  endure any o f  t h e  
o p e r a t i n g  c o n d i t i o n s  encountered .  

The b lade  t w i s t i n g  moments w i l l  be needed to  d e s i g n  p i t c h  change components 
such as t h e  gears  and p i t c h  l o c k i n g  p i n s .  T w i s t i n g  moments w i l l  be d i scussed  
l a t e r  i n  S e c t i o n  8 . 2 .  

6 .2.3 S t r e s s J S t r e n g t h  Comparison 

S i m u l a t i n g  t h e  a e r o e l a s t i c  c h a r a c t e r i s t i c s  o f  t h e  SR-7L b l a d e  w i t h  a 62.23 cm 
( 2 4 . 5  i n c h )  d iamete r  model was a l e n g t h y  t a s k .  Severa l  i t e r a t i o n s  o f  a t -  
t empt ing  t o  match s t i f f n e s s  and mass d i s t r i b u t i o n s ,  and r u n n i n g  f requency  and 
s t a b i l i t y  ana lyses  were r e q u i r e d  u n t i l  a s a t i s f a c t o r y  a e r o e l a s t i c  model has 
been des igned.  Each t ime  t h e  c o n s t r u c t i o n  o f  t h e  b l a d e  v a r i e d ,  t h e  s t r e s s  
magnitudes and d i s t r i b u t i o n s  changed. A t t e m p t i n g  t o  s i m u l t a n e o u s l y  s a t i s f y  
v i b r a t i o n ,  s t a b i l i t y ,  and s t r e s s  requ i rements  f o r  each i t e r a t i o n  was t h o u g h t  
to  be too t i m e  consuming. There fo re ,  t h e  d e c i s i o n  was made t h a t  t h e  i t e r a -  
t i o n s  would e n t a i l  f r equency  and f l u t t e r  ana lyses  o n l y .  Once a model exh ib -  
i t i n g  t h e  d e s i r e d  a e r o e l a s t i c  b e h a v i o r  had been des igned,  t h e  s t r e s s e s  would 
be checked. 

T h i s  i s  n o t  to  say t h a t  no c o n s i d e r a t i o n  was g i v e n  t o  s t r e s s e s  d u r i n g  t h e  
e a r l y  d e s i g n  s tages .  When t h e  shank d iameter  was reduced t o  s i m u l a t e  a bea r -  
i n g  t ype  r e t e n t i o n ,  as d e s c r i b e d  i n  S e c t i o n  4.2 o f  t h i s  r e p o r t ,  t i t a n i u m  was 
s e l e c t e d  as a spar  m a t e r i a l  t o  accommodate t h e  h i g h e r  s t r e s s e s  a n t i c i p a t e d .  
Also, s t r e s s  checks were made on t h e  f i rst  model b l a d e  i t e r a t i o n  t o  see i f  
t h e r e  were any areas i n  which s t r e s s e s  approached or exceeded a l l o w a b l e  l i m -  
i t s .  Because none was found,  i t  was assumed t h a t  sma l l  changes i n  b l a d e  con- 
s t r u c t i o n  wou ld  n o t  i nc rease  t h e  s t r e s s e s  enough to cause prob lems.  The 
s t r e s s  r e s u l t s  o f  t h e  f i n a l  b l a d e  concept  p roved t h i s  assumpt ion  t o  be v a l i d .  

J u s t  as w i t h  d e f l e c t i o n s ,  b l a d e  s t r e s s e s  are  most e a s i l y  de te rm ined  by  r e -  
v iew ing  c o n t o u r  p l o t s .  The BESTRAN pos tp rocess ing  o p t i o n s  fo r  g e n e r a t i n g  
s t r e s s  p l o t s  a r e  numerous, i n c l u d i n g  r a d i a l  (spanwise) ,  chordwise ,  p r i n c i p a l ,  
and e f f e c t i v e  s t r e s s  p l o t s .  U s u a l l y ,  e f f e c t i v e  s t r e s s e s  a r e  p l o t t e d  f o r  
b lade spars  made w i t h  i s o t r o p i c  m a t e r i a l s  such as aluminum or t i t a n i u m .  E f -  
f e c t i v e  s t r e s s e s ,  based on t h e  von Mises  f a i l u r e  c r i t e r i o n ,  can be compared 
d i r e c t l y  w i t h  t e n s i l e  a l l o w a b l e s .  A l though e f f e c t i v e  s t r e s s e s  a r e  g e n e r a l l y  
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acknowledged t o  be c o n s e r v a t i v e ,  t h e  r a d i a l  spar  s t r e s s e s  o f  t h e  a e r o e l a s t i c  
model were found  to be h i g h e r  than  t h e  e f f e c t i v e  s t r e s s e s .  T h e r e f o r e ,  r a d i a l  
s t r e s s  con tou r  p l o t s  were genera ted  for t h e  spar  f o r  compar ison t o  t e n s i l e  
a1 lowab les .  

F i g u r e s  6-10, 6-11, and 6-12 a r e  s t r e s s  c o n t o u r  p l o t s  f o r  t h e  f o l l o w i n g  con- 
d i t i o n s :  10,668 meter  (35,000 f t . )  c r u i s e ,  w ind  t u n n e l  (8622 rpm),  and 
t a k e o f f / c l i m b ,  r e s p e c t i v e l y .  I n  a l l  cases ,  t h e  s t r e s s e s  a r e  h i g h e r  on  t h e  
camber ( s u c t i o n )  s i d e  o f  t h e  spar ,  i n d i c a t i n g  t h a t  f o r  t h e  model b l a d e  con- 
s t r u c t i o n ,  c e n t r i f u g a l l y  i nduced  bend ing  s t r e s s e s  t e n d  t o  overcome t h e  a i r -  
l o a d  bending s t r e s s e s .  The maximum s t r e s s e s  i n  t h e  shank and f a r t h e r  o u t -  
board  i n  the  a i r f o i l  r e g i o n  a r e  i n d i c a t e d  for each c o n d i t i o n .  Maximum shank 
s t r e s s e s  were c o n s i s t e n t l y  l o c a t e d  a t  t h e  l e a d i n g  edge. This i s  e x p l a i n e d  b y  
t h e  f a c t  t h a t  s i n c e  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  b l a d e  i s  toward  t h e  l e a d i n g  
edge, t h e  c e n t r i f u g a l  bend ing  e f f e c t s  cause h i g h  t e n s i l e  s t r e s s e s  a l o n g  t h e  
l e a d i n g  edge. These add t o  t h e  c e n t r i f u g a l  membrane s t r e s s e s .  The same log- 
i c  can be used to  e x p l a i n  why t h e  maximum s t r e s s e s  i n  t h e  a i r f o i l  r e g i o n  o f  
t h e  spar were found a t  t h e  t r a i l i n g  edge near  t h e  spar  mid-span. 
case, t h e  c e n t e r  of g r a v i t y  o f  t h e  b l a d e  o u t b o a r d  o f  t h e  spar  mid-span was 
l o c a t e d  toward t h e  t r a i l i n g  edge o f  t h e  a i r f o i l .  

I n  t h i s  

S ince  t h e  spar  "necked-down" ( g o i n g  i n b o a r d )  t o  a r a t h e r  sma l l  d i a m e t e r ,  
t h e r e  was a s i z e a b l e  s t r e s s  c o n c e n t r a t i o n  i n  t h e  shank. The f a t i g u e  s t r e n g t h  
o f  the  shank i s  consequen t l y  i n c r e a s e d  by g l a s s  bead peen ing  which l eaves  
t h e  su r face  i n  a s t a t e  of r e s i d u a l  compress ive  s t r e s s .  

Maximum shank and a i r f o i l  s t r e s s e s  a r e  compared w i t h  a l l o w a b  e s t r e s s e s  on  
t h e  Goodman Diagrams of F i g u r e s  6-13 and 6-14 r e s p e c t i v e l y .  
c y c l i c  s t resses  a r e  a l s o  i n d i c a t e d .  I t  i s  i m p o r t a n t  t o  n o t e  h e r e  t h a t  t h e  
c y c l i c  s t r e s s  l i m i t s  shown a r e  a s s o c i a t e d  w i t h  t h e  peak s teady  s t r e s s e s .  Be- 
cause t h e  s e c t i o n  modulus i n  t h e  shank i s  c o n s t a n t  and t h e  c y c l i c  moment w i l l  
p robab ly  i nc rease  g o i n g  i n b o a r d ,  t h e  s t r e s s e s  w i l l  be h i g h e r  a t  t h e  r e t e n t i o n  
than a t  the p o i n t  of maximum s teady  s t r e s s .  S t r a i n  gauges shou ld  be mounted 
f a r  enough o u t b o a r d  on t h e  b l a d e  shank to  a v o i d  i n t e r f e r e n c e  w i t h  t h e  hub, 
and, t h e r e f o r e ,  w i l l  n o t  be l o c a t e d  a t  t h e  p o i n t  o f  h i g h e s t  c y c l i c  s t r e s s .  
Care must be taken n o t  t o  exceed p rede te rm ined  a l l o w a b l e  s t r e s s e s  i n  t h e  
r e  t e n t  i on.  

The a c c e p t a b l e  

For reasons no ted  i n  S e c t i o n  6 .1 .4 ,  r a d i a l  s t r a i n  p l o t s  were genera ted  fo r  
t h e  s h e l l  l a y e r s .  The s t r a i n s  were c o n v e r t e d  to  s t r e s s e s  fo r  t h e  g r a p h i t e  
and f i b e r g l a s s  p l i e s  wh ich  compr ised t h e  s h e l l .  F i g u r e s  6-15 th rough  6-17 
i n d i c a t e  the  l o c a t i o n s  and magni tudes of peak g r a p h i t e  and f i b e r g l a s s  s t r e s -  
s e s ,  for  t h e  t e s t  c o n d i t i o n s  ment ioned.  Maximum g r a p h i t e  s t r e s s e s  o c c u r r e d  
a t  t he  t r a i l i n g  edge of t h e  spar  on t h e  camber s i d e ,  i n  e v e r y  case.  The peak 
f i b e r g l a s s  s t r e s s e s  were found on  t h e  face  s i d e  beyond t h e  spar  t i p .  
i t e  and f i b e r g l a s s  s t r e s s e s  a r e  compared a g a i n s t  a l l o w a b l e s  on t h e  Goodman 
Diagrams shown i n  F i g u r e s  6-18 and 6-19 r e s p e c t i v e l y .  Aga in ,  t h e  c y c l i c  
s t r e s s  marg ins a r e  i n d i c a t e d .  

Graph- 
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, The e f f e c t i v e  s t r e s s e s  o f  t h e  foam were observed t o  be c o n s i d e r a b l y  h i g h e r  
t h a n  t h e  r a d i a l  s t r e s s e s .  Th s was i n  c o n t r a s t  t o  spar  s t r e s s  r e s u l t s .  E f -  
f e c t i v e  s t r e s s  con tou r  p l o t s ,  F i g u r e s  6-20 t h r o u g h  6-22, a r e  p r o v i d e d  for t h e  

I 10,668 meter  (35,000 f t .  c r u i  e ) ,  w ind  tunne l  (8622 rpm),  and t a k e o f f l c l i m b  
c o n d i t i o n s .  A s  t h e  f i g u r e s  i n d i c a t e ,  t h e  peak s t r e s s e s  a r e  l o c a t e d  fo rward  
o f  t h e  spar  near  t h e  shank. A l t h o u g h  s t r e s s e s  were g e n e r a l l y  h i g h e r  on  t h e  
f a c e  s i d e  o f  t h e  foam, camber s i d e  s t r e s s e s ,  e q u i v a l e n t  t o  t h e  maximum s t r e s -  
ses, were found  f o r  t h e  wind t u n n e l  and t a k e o f f l c l i m b  c o n d i t i o n s .  The 
Goodman Diagram i l l u s t r a t e d  i n  F i g u r e  6-23 shows t h e  foam s t r e s s l s t r e n g t h  r e -  
l a t i o n s h i p  fo r  each o p e r a t i n g  c o n d i t i o n .  A l l o w a b l e  c y c l i c  s t r e s s e s  a r e  shown 
i n  t h e  same f i g u r e .  

6.2.4 Frequenc ies  and Mode Shapes 

The f i n a l  model b l a d e  concept  was t h e  r e s u l t  o f  s e v e r a l  compromises. V a r i o u s  
des ign  i t e r a t i o n s  o f  t h e  model have shown t h a t  f r e q u e n c i e s ,  mode shapes, and 
s t a b i l i t y  c o u l d  n o t  be s i m u l t a n e o u s l y  matched, w i t h i n  p r a c t i c a l  c o n s t r a i n t s  
o f  schedule,  t o  those of t h e  SR-7L b l a d e .  I t  i s  a p p r o p r i a t e  he re  t o  d e f i n e  
t h e  te rm "match" when a p p l i e d  t o  f r e q u e n c i e s  and mode shapes. E a r l y  i n  t h i s  
program, g u i d e l i n e s  fo r  a match were e s t a b l i s h e d ,  r e q u i r i n g  t h a t  t h e  f i r s t  
f i v e  f r e q u e n c i e s  be w i t h i n  10% o f  t h e  SR-7L b lade ,  and t h a t  c o r r e s p o n d i n g  
mode shapes look s i m i l a r .  The f i v e  mode shapes i n c l u d e  f l a t w i s e  and edge 
w ise  bend ing  as w e l l  as t h e  e r o s i o n  mode, and as such, p r o v i d e  a good i n d i c a -  
t i o n  o f  t h e  mass and s t i f f n e s s  s i m i l a r i t i e s  between t h e  model and t h e  SR-7L 
b lade .  

F i g u r e  6-24 i s  a m o d i f i e d  Campbell Diagram ( d e f i n e d  i n  S e c t i o n  6 .1 .5 )  wh ich  
shows a d i r e c t  compar ison o f  t h e  model and SR-7L b l a d e  f r e q u e n c i e s  for  t h e  
10,668 meter  (35,000 f t . )  a l t i t u d e  c o n d i t i o n .  Wi th  t h e  e x c e p t i o n  o f  t h e  
f o u r t h  mode, wh ich  i s  g e n e r a l l y  accepted  t o  be a t o r s i o n a l  mode, t h e  model 
b lade  f r e q u e n c i e s  a r e  h i g h e r  t h a n  those  of t h e  SR-7L b l a d e .  However, a l l  
f i v e  f r e q u e n c i e s  do s a t i s f y  t h e  10% g u i d e l i n e  d e s c r i b e d  above. A s  t h e  d i a -  
gram a l s o  i n d i c a t e s ,  t h e  f r e q u e n c i e s  (excep t  t h e  f i f t h  mode) o f  t h e  model 
t end  t o  f a l l  c l o s e r  to  P-order  l i n e s .  I n  p a r t i c u l a r ,  t h e  second mode c rosses  
t h e  3P l i n e  a t  t h e  o p e r a t i n g  rpm. An a t tempt  was made t o  lower  t h e  model 
b lade  f r e q u e n c i e s  by r e d u c i n g  t h e  shank d iamete r .  U n f o r t u n a t e l y ,  t h e  s t a b i l -  
i t y  dropped s i g n i f i c a n t l y .  I t  was dec ided t o  accep t  t h e  more s t a b l e  concep t  
s i n c e  t h e  f r e q u e n c i e s  were w i t h i n  t h e  10% a l l o w e d .  Also, i t  i s  a n t i c i p a t e d  
t h a t  3P e x c i t a t i o n s  w i l l  be low i n  magni tude.  The f r e q u e n c y  compar isons a r e  
summarized i n  Tab le  6-2. F i g u r e  6-25 i s  a c o n v e n t i o n a l  Campbell  D iagram 
which shows t h e  f requency p lacement  of  the a e r o e l a s t i c  model b l a d e  w i t h  r e s -  
p e c t  to  t h e  P-order  l i n e s .  

The model b l a d e  f r e q u e n c i e s  f o r  t h e  w ind  tunne l  o p e r a t i n g  env i ronmen t  a r e  a l -  
so p l o t t e d  i n  F i g u r e  6-25, as w e l l  as i n  F i g u r e  6-24. As can be seen, t h e  
P-order p lacement  o f  t h e  f i r s t  t h r e e  modes, i n  t h e  w ind  t u n n e l ,  i s  q u i t e  s i m -  
i l a r  to  t h a t  o f  t h e  l a r g e  b lade .  A l though i t  i s  n o t  r e q u i r e d  t h a t  t h e  f r e -  
quencies o f  t h e  model match those  o f  t h e  SR-7L fo r  t h i s  c o n d i t i o n ,  t h e y  a r e  
p r o v i d e d  t o  h e l p  p r e d i c t  t h e  b e h a v i o r  o f  the  model i n  t h e  w ind  t u n n e l .  
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Mode shape p l o t s ,  shown i n  F i g u r e s  6-26 th rough  6-30, a r e  s i m i l a r  t o  t h e  de- 
f l e c t i o n  con tou r  p l o t s  d e s c r i b e d  i n  S e c t i o n  6 .2 .1 .  Norma l i zed  d e f l e c t i o n s ,  
r e s o l v e d  p e r p e n d i c u l a r  t o  t h e  314 cho rd ,  a r e  p l o t t e d .  Contour  l i n e s  wh ich  
a r e  i n  a chordwise ,  or n e a r l y  chordwise ,  d i r e c t i o n  i n d i c a t e  t h a t  t h e  b l a d e  i s  
bend ing  i n  a f l a t w i s e  sense. T o r s i o n a l  modes a r e  r e c o g n i z e d  b y  t h e  spanwise, 
or n e a r l y  spanwise, d i r e c t i o n  of t h e  c o n t o u r s .  
t o  recogn ize  on such p l o t s .  
a x i s  of bending, edgewise modes a r e  g e n e r a l l y  de te rm ined  by  c h e c k i n g  t h e  d i r -  
e c t i o n s  of  shank bend ing  moments. 

Edgewise modes a r e  d i f f i c u l t  
S ince  b lades  a r e  v e r y  s t i f f  abou t  t h e i r  m a j o r  

The f i r s t  mode o f  t h e  model b l a d e  i s  compared t o  t h a t  o f  t h e  SR-7L b l a d e  i n  
F i g u r e  6-26. The mode shapes a r e  v e r y  s i m i l a r .  
f i g u r e  t h a t  mode 1 i s  t h e  f i r s t  f l a t w i s e  bend ing  mode. Mode 2 ,  as shown i n  
F i g u r e  6-27, a l s o  shows a c l o s e  agreement between b l a d e s .  A l t h o u g h  n o t  ob- 
v i o u s  from t h e  f i g u r e ,  t h e  second mode i s  t h e  f i r s t  edge w ise  bend ing  mode. 
T h i s  was v e r i f i e d  by check ing  t h e  d i r e c t i o n  o f  t h e  shank a n g u l a r  d i s p l a c e -  
ments. I t  i s  i n t e r e s t i n g  t o  n o t e  t h e  amount o f  f l a t w i s e  bend ing  i n  t h e  t i p  
r e g i o n  of  t h e  b l a d e  a s s o c i a t e d  w i t h  t h i s  mode. T h i s  i n d i c a t e s  t h a t  t h e r e  i s  
cons ide rab le  c o u p l i n g  of t h e  edgewise and f l a t w i s e  modes. 

I t  i s  apparen t  from t h i s  

The s i m i l a r i t i e s  i n  t h e  t h i r d  mode, F i g u r e  6-28, a r e  l e s s  f a v o r a b l e ,  a l t h o u g h  
s t i l l  q u i t e  a c c e p t a b l e .  A t i p - t o - h u b  v iew  of t h e  m id  cho rd  d e f l e c t i o n s  a l o n g  
the  b lade span was drawn t o  de te rm ine  t h a t  t h i s  was t h e  second f l a t w i s e  bend- 
i n g  mode. 

F i g u r e  6-29 shows t h a t  t h e  f o u r t h  mode i s  t h e  f i rs t  t o r s i o n a l  mode. The com- 
p a r i s o n  between b lades  i s  q u i t e  good i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  node l i n e  
o f  the  model sweeps back a t  a s h a l l o w e r  a n g l e  toward  t h e  t r a i l i n g  edge o f  t h e  
b lade .  

The contours  and node l i n e s  o f  t h e  f i f t h  mode agree w e l l ,  as shown i n  F i g u r e  
6-30. I t  i s  apparent  from t h e  number o f  node l i n e s  and t h e  d i r e c t i o n s  of de- 
f l e c t i o n  con tou rs  t h a t  t h i s  i s  t h e  t h i r d  f l a t w i s e  bend ing  mode; a l s o ,  t h e  an- 
g u l a r i t y  o f  t he  con tou rs  i n d i c a t e s  some amount of t o r s i o n a l  c o u p l i n g  i s  
o c c u r r  i ng. 

A s  found w i t h  ad jus tmen ts  to  f r e q u e n c i e s ,  any a t t e m p t  t o  improve mode shape 
c o r r e l a t i o n  t o  t h e  SR-7L b l a d e  r e s u l t e d  i n  lower  s t a b i l i t y  or  poor  f r e q u e n c y  
match. I n  g e n e r a l ,  though, t h e  mode shapes o f  t h e  f i n a l  model b l a d e  concep t  
were s i m i l a r  to those of  the  SR-7L b l a d e .  

The f i r s t  f i v e  mode shapes for t h e  w ind  t u n n e l  o p e r a t i n g  c o n d i t i o n  a r e  shown 
i n  F igu re  6-31. The mode shape p a t t e r n s  a r e  e s s e n t i a l l y  t h e  same for t h e  
r e s p e c t i v e  modes a s  those d i scussed  above fo r  t h e  10,668 meter  (35,000 f t . )  
c r u i s e  condi t i o n .  

6 . 2 . 5  S t a b i l i t y  

Us ing  the  a e r o e l a s t i c  s t a b i l i t y  a n a l y s i s  d e s c r i b e d  i n  S e c t i o n  6 . 1 . 6 ,  model 
b lade s t a b i l i t y  was e v a l u a t e d .  
shown i n  F i g u r e  6-32 i n  t e r m s  of damping r a t i o  ve rsus  Mach Number for t h e  

R e s u l t s  of t h e  s t a b i l i t y  p r e d i c t i o n s  a r e  
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model Prop-Fan a t  t h e  d e s i g n  C r u i s e  o p e r a t i n g  c o n d i t i o n .  The model Prop-Fan 
undergoes i n s t a b i l i t y  a t  Mach .95  i n  mode 3 w i t h  an i n t e r b l a d e  phase a n g l e  o f  
315 degrees,  j u s t  as o c c u r r e d  for t h e  SR-7L s t a b i l i t y  p r e d i c t i o n s .  
6-33 c l a r i f i e s  t h e  damping s i m i l a r i t i e s  and d i f f e r e n c e s  between t h e  SR-7L and 
t h e  SR-7A b l a d e s .  I n  a d d i t i o n  t o  t h e  ze ro  damping v a l u e  o f  mode t h r e e ,  t h e  
damping magn i tude,  mode o r d e r ,  and t r e n d s  a r e  s i m i l a r  fo r  b o t h  b l a d e s .  T h i s  
s i m i l a r i t y  i n  damping p r e d i c t i o n s  i l l u s t r a t e s  t h e  a e r o e l a s t i c  s i m i l a r i t y  be- 
tween t h e  SR-7A and t h e  SR-7L. 

F i g u r e  

Fans 
s t a b  

The 
ance 
t h i  s 
2292 

Two a d d i t i o n a l  s t a b i l i t y  p r e d i c t i o n s  were per formed on  t h e  SR-7A fo r  t h e  pu r -  
pose o f  l e n d i n g  gu idance t o  f u t u r e  t e s t i n g .  The f i r s t  case cor responds t o  
t h e  t a k e o f f / c l i m b  c o n d i t i o n  o f  Mach .2 f l i g h t  speed, sea l  l e v e l ,  and 243.8 
m/sec (800 f t  sec) t i p  speed. F i g u r e  6-34 shows t h e  model damping p r e d i c -  
t i o n s  fo r  t h i s  o p e r a t i n g  c o n d i t i o n .  I n s t a b i l i t y  i s  p r e d i c t e d  t o  o c c u r  i n  
mode 3 a t  Mach .56. T h i s  f l u t t e r  Mach number p r e d i c t i o n  shows t h e  l i m i t  
f l i g h t  speed of t h e  J e t s t a r  t e s t  a t  sea l e v e l .  The p r e d i c t e d  s t a b i l i t y  f o r  
t h e  SR-7L under  t h e  same o p e r a t i n g  c o n d i t i o n s  showed a mode 3 i n s t a b i l i t y  a t  
Mach .6 .  The d i f f e r e n c e  i n  t h e  b lades  i s  due t o  t h e  e f f e c t  o f  b l a d e  r e t e n -  
t i o n .  The SR-7L has a b e a r i n g  r e t e n t i o n  w i t h  d i s t i n c t  i n - p l a n e  and o u t - o f -  
p lane  s t i f f n e s s e s  t h a t  do n o t  change w i t h  b l a d e  a n g l e  s e t t i n g .  A s  n o t e d  p re -  
v i o u s l y ,  a b e a r i n g  r e t e n t i o n  c o u l d  n o t  be i n c l u d e d  i n  t h e  d e s i g n  o f  t h e  mod- 
e l ;  t h e r e f o r e ,  t h e  b e a r i n g  s t i f f n e s s  was approx imated by  a sma l l  d iamete r  
b lade  shank. The b l a d e  shank d e s i g n  was o p t i m i z e d  t o  s i m u l a t e  t h e  d e s i g n  
c r u i s e  c o n d i t i o n .  The b l a d e  a n g l e  d i f f e r e n c e  a t  t a k e o f f l c l i m b  a l t e r s  t h e  r e -  
t e n t i o n  s t i f f n e s s  so t h a t  t h e  s i m u l a t i o n  i s  no  l o n g e r  optimum. T h i s  a f f e c t s  
t h e  s t a b i l i t y  s i m i l a r i t y  between t h e  two b lades .  The i m p o r t a n t  aspec t  o f  t h e  
c a l c u l a t i o n  i s  t h a t  t h e  s t a b i l i t y  r e s u l t s  for t h e  model and f u l l  s i z e  Prop- 

do n o t  show any g ross  d i f f e r e n c e s  t h a t  would d e t e r i o r a t e  a e r o e l a s t i c  
l i t y  a t  o f f - d e s i g n  c o n d i t i o n s .  

econd a d d i t i o n a l  s t a b i l i t y  case corresponds t o  a d e s i g n  c r u i s e  pe r fo rm-  
s i m u l a t i o n  i n  t h e  NASA Lewis wind t u n n e l .  The o p e r a t i n g  c o n d i t i o n s  f o r  
s i m u l a t i o n  a r e  Mach . 8  tunne l  speed, wh ich  cor responds t o  an a l t i t u d e  o f  
meters  (7520 f t . ) ,  and a t i p  speed of 277.9  m/sec (911.7 f t / s e c ) .  The 

comb ina t ion  o f  h i g h  t i p  speed and low a l t i t u d e  r e s u l t s  i n  low b l a d e  s t a b i l -  
i t y ,  as shown by F i g u r e  6-35, t h e  b l a d e  damping r a t i o  p l o t .  F i g u r e  6-35 
shows an i n s t a b i l i t y  i n  mode 3 a t  Mach .43, wh ich  i s  w e l l  be low t h e  d e s i r e d  
Mach .8  t u n n e l  speed. 

A f u r t h e r  examina t ion  o f  t h e  s t a b i l i t y  was made u s i n g  t h e  m o d i f i e d  v e r s i o n  o f  
t h e  s t a b i l i t y  a n a l y s i s  which i n c l u d e s  t i p  loss e f f e c t s  and e m p i r i c a l  a i r f o i l  
da ta .  These m o d i f i c a t i o n s  r e s u l t e d  i n  b e t t e r  agreement between p r e d i c t e d  and 
measured s t a b i l i t y  on p r e v i o u s  Prop-Fan models. The r e s u l t s  u s i n g  t h e  mod- 
i f i e d  a n a l y t i c a l  p rocedure ,  F i g u r e  6-36, show t h e  SR-7A t o  be m a r g i n a l l y  
s t a b l e  up t o  t h e  d e s i r e d  Mach . 8  wind tunne l  speed. 
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7.0 HUB AND SPINNER 

It was established in Section 3 of this report that the external hub and 
spinner contour o f  the aeroelastic model would be scaled down from the 2.74 
meter (9 ft.) diameter SR-7L spinner by the ratio 62.23/274.32 - .22685. It 
was accepted that the Reynold's number for the model and the SR-7L would dif- 
fer directly by the ratio of tip diameters. 
the best option available without major changes in the model test environ- 
ment. Reynold's number and its effects were addressed in Section 4. 

This approach was judged to be 

The SR-7L blade shank is retained in the hub by a ring of ball bearings set 
in a hardened steel race on the shank and an integrally hardened steel race 
on the hub. As discussed in Section 4.2, the aeroelastic model hub will not 
be able to utilize this approach because of space limitations, and the com- 
plexity and cost of  scaling all the hub and retention hardware down to such a 
small size. The alternative approach selected was to provide an extended 
small diameter shank to simulate the scaled flexibility o f  the SR-7L hub and 
retention bearing. 

For conservatism the spinnerlhub assembly was designed to support the maximum 
blade loading condition as listed in Table 6-1 in Section 6.2.1. The operat- 
ing condition that generated the highest loads on the spinnerlhub assembly is 
the vacuum condition at 8886 rpm, with a blade angle setting which matches 
the takeoff/cl imb condition. At this operating condition one blade generates 
24,402 newtons (5486 lbs.) of centrifugal force and 102.8 n-m (910 in-lbs.) 
of steady bending moment. 

7.1 Blade Retention Design 

A schematic drawing o f  the hub/spinner retention design is shown in Figure 
7-1. From Figure 7-1 it can be seen that the hublspinner assembly consists 
of three structural members. These components are the spinner, forward hub 
half, and rear hub half. The spinner which is the forward most part is made 
of aluminum. The primary function of the spinner is to establish a smooth 
flow path for the air stream prior to impingement on the blades. 

The spinner is fastened to the forward half of the hub by a left-handed screw 
thread. A left-handed thread is used because the inertial most of the spin- 
ner tends to generate a tightening torque when the hub is accelerated. To 
guard against potential loosening of the spinner during deceleration, three 
nylon inserts are installed 120 degrees apart in the spinner threads. 

The remaining aerodynamic contour in the vicinity of the blades is formed by 
the external surfaces of the front and rear halves of the hub. The split hub 
concept facilitates installation and removal of the blades in the hub cav- 
ities. Both hub halves are made of steel. 

The front and rear halves o f  the hub assembly are aligned by three pins. The 
pins are located such that there is only one position at which the two hub 
halves can be assembled. The pins are sized to be non-load carrying members. 
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To hold the front and rear hub halves together, eight alignment bolts were 
used. The bolts are serialized to assure that they are always assembled in 
the same hole. Dynamic balance of the spinnerjhub assembly is accomplished 
by removal of material (by drilling) on the back face of the rear hub half. 

7.2 Blade Retention Loads and Stresses 

Blade loads to be reacted by the blade retention are graphically illustrated 
in Figure 7-2. A study of the magnitude of these loads reveals that the com- 
bined effect of centrifugal force (CF) and steady bending moment (SBM) yields 
the highest radial force. 

Bending moments generated by the aeroelastic model blades can be resolved in- 
to equivalent radial and normal components, parallel and perpendicular to the 
shank axis, respectively. The maximum radial component can be combined with 
the centrifugal load as follows: 

Maximum Radial Force = (4 x SBM/PD + CF>Pd 

Where : SBM - Steady bending moment (in-lb) 
CF - Centrifugal force (lb) 
Pd - Pitch diameter o f  blade shank contact circle 

Because o f  its magnitude, this radial force becomes the governing load, and 
the blade retention is designed to support this load for safe continuous op- 
eration. 

In analyzing the hub retention area, contributions from the vibratory bending 
moment (VBM) were omitted because ( 1 )  design stresses in components affected 
by the bending moments are low compared to the allowables, ( 2 )  VBM is small 
compared to SBM, and (3) the direction o f  VBM is different from that of the 
SBM. 

The blade contacts the hub circumferentially along a fillet radius at the in- 
board end o f  the shank. A matching convex radius in the hub is slightly 
smaller and dimensionally adjusted such that contact occurs at a nominal 
static angle of 45 degrees, measured from the plane of the fillet radius. 

A circular line load at the pitch diameter of the contact circle was then 
calculated based on the maximum radial force. Using a Hamilton Standard de- 
veloped contact stress program, contact stresses of the blade shank and the 
hub retention were then generated. Geometric dimensions and loading patterns 
at the blade shank and hub retention interface area are illustrated in Figure 
7-3. The resulting maximum contact stress was found to be 31,576 
newtonslcm’ (45,800 psi). Low cycle fatigue stresses were then computed 
based on start-stop cycles. Goodman design allowables for the blade shank 
are provided in Figures 7-4. A s  can be seen, the stresses are very low, only 
about 25% of the allowable. Goodman design allowables for the hub retention, 
which is made of steel, were not shown because steel has a such higher con- 
tact stress allowable than titanium. Thus the safety margin for the steel 
hub retention is even higher than that for the titanium blade shank. 
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7.3 Hub L i p  S t resses  

I n  t h e  schemat ic  d raw ing  o f  t h e  h u b l s p i n n e r  assembly i n  F i g u r e  7-1, t h e  hub 
l i p  i s  shown on t h e  f o r w a r d  h a l f  of t h e  hub as t h e  t h i n n e s t  s e c t i o n  i n  t h e  
hub. To ana lyze  t h e  f o r w a r d  hub and t h e  hub l i p ,  a H a m i l t o n  S tandard  two- 
d imens iona l  body o f  r e v o l u t i o n  program was used. A s h e l l  of r e v o l u t i o n  model 
o f  t h e  f o r w a r d  hub i s  shown i n  F i g u r e  7-5 .  I n  F i g u r e  7-6 t h e  u n d e f l e c t e d  
model i s  o u t l i n e d  by d o t t e d  l i n e s  and an exaggera t i on  of t h e  d e f l e c t e d  pos- 
i t i o n  i s  shown i n  s o l i d  l i n e s .  

The model was loaded w i t h  u n i f o r m l y  d i s t r i b u t e d  a x i a l  and r a d i a l  f o r c e s .  The 
t o t a l  a x i a l  and r a d i a l  f o rces  a p p l i e d  t o  the two-d imens iona l  f o rward  hub 
s t r e s s  model were developed by a v e r a g i n g  c o n t r i b u t i o n s  from a l l  e i g h t  ( 8 )  
b lades .  For t h e  vacuum o p e r a t i n g  c o n d i t i o n  ana lyzed ,  each b l a d e  genera tes  
24,402 newtons (5486 l b s . )  o f  r a d i a l  force and 102.8 n-m (910  i n - l b s . )  o f  
s teady  bend ing  moment. However, o n l y  one-hal f  t h e  t o t a l  (sum of a l l  e i g h t  
b lades )  c e n t r i f u g a l  f o r c e  i s  r e a c t e d  on the  f o r w a r d  h a l f  o f  t h e  hub; t h e  
o t h e r  h a l f  i s  r e a c t e d  by  t h e  r e a r  h a l f  of t h e  hub. R e s o l v i n g  t h e  s teady  
bend ing  moments t o  o b t a i n  r a d i a l  fo rces  and then  combin ing  these  w i t h  cen- 
t r i f u g a l  l o a d  r e s u l t s  i n  a r a d i a l  force of  258,900 newtons (58,208 l b s . )  or 
40,400 newtons/cm (23,074 l b s / i n >  a c t i n g  on t h e  c i r c u m f e r e n c e  o f  t h e  
hub/shank c o n t a c t  c i r c l e .  Because t h e  c o n t a c t  p o i n t  i s  45 degrees ,  an a x i a l  
f o r c e  i d e n t i c a l  i n  magni tude to  t h e  r a d i a l  f o r c e  was genera ted  and a p p l i e d  t o  
t h e  2-0 s h e l l  o f  r e v o l u t i o n  model of t h e  fo rward  hub. 

I t  must be e x p l a i n e d  a t  t h i s  p o i n t  t h a t  the a x i a l  f o r c e s  wh ich  t e n d  t o  separ-  
a t e  b o t h  h a l v e s  of t h e  hub a r e  r e a c t e d  e i t h e r  by t h e  e i g h t  ( 8 )  c l o s e  f i t t i n g  
b o l t s  l o c a t e d  between a d j a c e n t  b l a d e  shanks, or by t h e  l a r g e  c e n t r a l  b o l t  or  
mount ing s h a f t  which l oads  a g a i n s t  cone seats  l o c a t e d  a t  t h e  ends o f  each hub 
h a l f  a l o n g  t h e  r o t a t i o n  a x i s ,  or most l i k e l y ,  by b o t h  c lamp ing  systems. How- 
eve r ,  for a n a l y s i s  of l i p  s t r e s s e s  i n  t h e  fo rward  h a l f  hub i t  was assumed for  
conserva t i sm t h a t  t h e  e i g h t  ( 8 )  b o l t s  d o  no t  c a r r y  any s e p a r a t i o n  l o a d .  The 
s e p a r a t i o n  l o a d  i s  a c t u a l l y  t h e  a x i a l  component of t h e  c o n t a c t  f o r c e  ( f o r c e  
Pn i n  F i g u r e  7-3) a c t i n g  on t h e  hub r e t e n t i o n .  A d m i t t e d l y ,  t h e  o m i s s i o n  o f  
t h e  e i g h t  (8) b o l t s  from t h e  hub l i p  s t r e s s  a n a l y s i s  i n t r o d u c e s  ext reme con- 
s e r v a t i s m  i n  t h e  des ign ,  b u t  t h i s  was t h e  e s t a b l i s h e d  p r a c t i c e  f o r  s i x  p r i o r  
model hub des igns ,  and c o n c e i v a b l y  c o u l d  rep resen t  a case where one or more 
b o l t s  i s  l o o s e ,  b roken,  or s i m p l y  o m i t t e d  d u r i n g  assembly.  

S t resses  on two p lanes  i n  t h e  hub l i p  a rea  a r e  o f  p r i m a r y  i n t e r e s t .  These 
two p lanes  a r e  l a b e l e d  p lanes  A-A and 6-B i n  F i g u r e  7-5. The 2-D s h e l l  o f  
r e v o l u t i o n  a n a l y s i s  shows t h a t  r a d i a l  and hoop s t r e s s e s  a r e  abou t  e q u a l ,  and 
b o t h  a re  much h i g h e r  than  a x i a l  s t r e s s e s .  However, for  l ow-cyc le  f a t i g u e ,  a 
K f  f a c t o r  must  be a p p l i e d  t o  t h e  c y c l i c  p o r t i o n  o f  t h e  r a d i a l  s t r e s s .  Thus 
t h e  r a d i a l  s t r e s s  l i s t e d  becomes t h e  govern ing  s t r e s s  for low-cyc le  f a t i g u e  
s t r u c t u r a l  e v a l u a t i o n .  F i n a l  r e s u l t s  of the a n a l y s i s  a r e  t a b u l a t e d  on t h e  
fo l  lowi ng page.  
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P lane A-A P lane 6-8 

A x i a l  s t r e s s ,  n/cm' ( p s i )  1502 (2179) -1058 (-1535) 

Hoop s t r e s s ,  nIcmL ( p s i )  5488 (7960) 4477 (6493) 

Rad ia l  s t r e s s ,  n/cmL ( p s i )  4441 (6442) 4373 (6343) 

K f  (ND) 1 .60 1 .20  

Low c y c l e  f a t i g u e  based on  
r a d i a l  s t r e s s ,  n/cm' ( p s i )  2221 +3553 

(322125154) 
2 1882481 2 

(317323806) 

Low c y c l e  f a t i g u e  r a d i a l  s t r e s s e s  f o r  b o t h  p lanes  A-A and 6-6 a r e  p l o t t e d  i n  
F i g u r e  7-7; b o t h  cases showed l a r g e  d e s i g n  marg ins .  

7 .4  Bolt S t r e s s e s  

A s  mentioned above, e i g h t  9.525 mm (0 .375 i n . )  d iamete r  b o l t s  a r e  used t o  
clamp the  f o r w a r d  and r e a r  h a l v e s  o f  t h e  hub assembl ies  t o g e t h e r .  
b o l t s  a r e  needed t o  suppor t  t h e  s e p a r a t i o n  f o r c e  deve loped by t h e  c e n t r i f u g a  
l o a d  and t h e  s teady  bend ing  moment (SBM) .  Because t h e  c o n t a c t  a n g l e  between 
t h e  b lade  shank f i l l e t  r a d i u s  and hub r e t e n t i o n  i s  s e t  a t  45 degrees ,  l oads  
a p p l i e d  r a d i a l l y  a r e  capab le  o f  g e n e r a t i n g  a p p r e c i a b l e  hub s e p a r a t i o n  f o r c e s  

These 

R e s o l u t i o n  of t h e  c e n t r i f u g a l  f o r c e  l o a d  i s  i l l u s t r a t e d  i n  t h e  l e f t  h a l f  of 
F i g u r e  7-8. The shank s teady  bend ing  moment i s  a l s o  capab le  o f  g e n e r a t i n g  
hub s e p a r a t i o n  f o r c e s  when r e s o l v e d  i n t o  i t s  p a r a l l e l  and p e r p e n d i c u l a r  com- 
ponents ,  as i l l u s t r a t e d  i n  t h e  r i g h t  h a l f  o f  F i g u r e  7-8. 

Based on t h e  maximum shank loads  from t h e  vacuum c o n d i t i o n ,  d i s c u s s e d  i n  t h e  
p r e v i o u s  s e c t i o n ,  t h e  c e n t r i f u g a l  f o r c e  o f  24,400 newtons (5486 l b s )  gener-  
a t e s  7766 newtons (1746 l b s )  p e r  b o l t  o f  s e p a r a t i o n  f o r c e .  S i m i l a r l y ,  t h e  
SBM o f  102.8 n-m (910  i n - l b s )  produces 4088 newtons (919 l b s )  o f  hub separa-  
t i o n  force. The sum o f  these two s e p a r a t i o n  forces i s  11,854 newtons (2665 
l b s )  p e r  bo l t .  

Bolt s t r e s s e s  a r e  summarized i n  F i g u r e  7-9. Note t h a t  t h e  b o l t s  have a de- 
s i g n  margin of s a f e t y  of 249%. The c a l c u l a t e d  p r e l o a d  t o r q u e  r e q u i r e d  i s  
16.6 n-m (147 i n - l b s . )  minimum, b u t  to  p r o v i d e  marg in  f o r  c y c l i c  moments and 
p o t e n t i a l  overspeeds,  a p r e l o a d  t o r q u e  o f  28 .2  - 39.5 n-m (250 - 350 i n - l b s )  
i s  c a l l e d  for i n  t h e  a c t u a l  hardware. 
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8 . 0  P I T C H  CHANGE MECHANISM 

The p i t c h  change mechanism for the a e r o e l a s t i c  model i s  i l l u s t r a t e d  i n  F i g u r e  
8-1. The system i s  des igned for s t a t i c  p i t c h  ad jus tmen t  o n l y ,  i . e . ,  when t h e  
model i s  n o n - r o t a t i n g .  Two i d e n t i c a l  l o c k i n g  p i n s  a re  used t o  p r e v e n t  r o t a -  
t i o n  o f  t h e  f a c e  gear  r e l a t i v e  t o  t h e  fo rward  hub. A l l  b l ades  a r e  i ndexed  t o  
t h e  common f a c e  gear  by i n d i v i d u a l  b l a d e  segments gears ,  a t t a c h e d  t o  t h e  b u t t  
end o f  each b l a d e  w i t h  dowel p i n s .  

M u l t i p l e  h o l e s  a r e  p r o v i d e d  i n  t h e  fo rward  hub h a l f  and i n  t h e  face gear  to  
accept  t h e  two l o c k i n g  p i n s .  The h o l e s  are v a r i e d  t o  p r o v i d e  a v e r n i e r  p i t c h  
ad jus tmen t  which p e r m i t s  f i x e d  i nc remen ta l  changes i n  b l a d e  a n g l e  s e t t i n g .  
The ho les  i n  b o t h  components a r e  a r ranged  i n  p a i r s ,  e x a c t l y  180 degrees 
a p a r t ,  t o  p e r m i t  t h e  use o f  two i d e n t i c a l  l o c k i n g  p i n s .  T h i s  p r o v i d e s  s t r u c -  
t u r a l  redundancy w h i l e  p r e s e r v i n g  t h e  o v e r a l l  mass ba lance o f  t h e  model a t  
any angu la r  s e t t i n g .  

8.1 Blade Ang le  Ad jus tments  

Blade p i t c h  ang le  ad jus tmen ts  a r e  accompl ished by unscrewing  t h e  s p i n n e r  
( l e f t - h a n d  t h r e a d )  from t h e  fo rward  h a l f  o f  t h e  hub and e x t r a c t i n g  b o t h  p i t c h  
l o c k i n g  p i n s .  I n t e r n a l  machined th reads  a re  p r o v i d e d  i n  t h e  a c c e s s i b l e  end 
o f  each p i n  t o  f a c i l i t a t e  p i n  remova l .  Wi th  t h e  p i n s  removed, t h e  f a c e  gear  
becomes f r e e  t o  r o t a t e  and t h e  p i t c h  o f  a l l  b l a d e s  can be changed s i m u l t a n -  
e o u s l y  by g r i p p i n g  one or more b lades  and g e n t l y  " coax ing "  t h e  assembly t o  
t h e  d e s i r e d  s e t t i n g .  Cau t ion  i s  adv i sed ,  however, i n  g r i p p i n g  these  b l a d e s ,  
because t h e y  a r e  made of compos i te  m a t e r i a l s  and the '  t h i n  edges may be sus- 
c e p t i b l e  t o  damage. I t  i s  b e s t  t o  a p p l y  t u r n i n g  p ressu re  t o  t h e  m a t e r i a l  
which i s  o v e r  t h e  spar  o n l y ,  i . e . ,  i n n e r  h a l f  o f  t h e  b l a d e ,  mid-chord  r e -  
g i o n .  Re fe r  back t o  F i g u r e  5-3, for b lade c o n s t r u c t i o n  d e t a i l s .  

The v e r n i e r  ad jus tmen t  scheme used i n  t h e  b l a d e  p i t c h  change d e s i g n  c o n s i s t s  
o f  24 h o l e s  i n  t h e  f a c e  gear  and 26 h o l e s  i n  t h e  fo rward  h a l f  hub.  T h i s  
v e r n i e r  comb ina t ion  was chosen t o  s a t i s f y  t h e  space l i m i t a t i o n s  o f  t h e  f o r -  
ward hub and f a c e  gear  w h i l e  accommodating t h e  p i n  s i z e  d i c t a t e d  by cen- 
t r i f u g a l  t w i s t i n g  moments. The requ i remen t  t h a t  two p i t c h  l o c k i n g  p i n s  be 
180 degrees a p a r t  d i c t a t e s  t h a t  t h e r e  be an even number o f  h o l e s  i n  b o t h  t h e  
hub and face g e a r .  
gear  to  f a c e  gear  r a t i o ,  t h e  normal b l a d e  a n g l e  s e t t i n g s  w i l l  be i n t e g e r  
m u l t i p l e s  o f  2.885 degrees.  T h i s  v a l u e  was d e r i v e d  from t h e  f o l l o w i n g  
equa t ion :  

Based on t h e  v e r n i e r  comb ina t ion  above, and t h e  b l a d e  

360(1/24 - 1 /26 )  (PDF/PDB) = 2.885 degrees 

where: PDF - Face gear  p i t c h  d iamete r ,  5.8057 cm. (2.2857 i n . )  
PDB - Blade gear  p i t c h  d iameter ,  2.3221 cm. (0 .9142 i n . )  

F i n e r  b l a d e  a n g l e  ad jus tmen ts ,  can be ob ta ined ,  if r e q u i r e d ,  by r e - i n d e x i n g  
t h e  a l i g n m e n t  o f  t h e  f a c e  gear  t o  t h e  b lade segment gea rs .  However, t o  do  so 
r e q u i r e s  s e p a r a t i o n  o f  t h e  f r o n t  and r e a r  hub h a l v e s .  The s m a l l e s t  i nc remen t  
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p o s s i b l e  u s i n g  t h i s  method i s  0.577 degree.  
w i t h i n  the  a e r o e l a s t i c  m o d e l ' s  geomet r i c  l i m i t a t i o n s  can be expressed by  t h e  
f o l l o w i n g  e q u a t i o n s :  

P e r m i s s i b l e  b l a d e  a n g l e  s e t t i n g s  

a .  BETA r e f  = 57.70 + 75 [ ( P l  - 8 1 f g ) / 2 6  + I f g / 1 3 0 1  f o r  BETA>57.7" 

b. BETA r e f  = 57.70 + 75 [ ( P l  - 81f , ) /26  + I,,/1301 f o r  BETA(57.7" 

where: BETA r e f  = B lade a n g l e  (deg rees )  a t  28.62 cm (9 .300  i n c h )  r a d i a l  
s t a t  i on 

I f 9  = Index  number o f  face gear  (0 ,1,2,3,4> 

P1 = Hub h o l e  number for  P i n  1 

The expected low and h i g h  l i m i t s  o f  t h e  a e r o e l a s t i c  b l a d e  a n g l e  s e t t i n g s  du r -  
i n g  normal o p e r a t i o n  a r e  -6.00 and 90.00 degrees,  r e s p e c t i v e l y .  
range a t a b u l a t e d  r e s u l t  o f  t h e  above e q u a t i o n s  i s  p r o v i d e d  i n  Appendix  A .  
R e s u l t s  a re  a r ranged on  f i v e  separa te  pages, w i t h  each page r e p r e s e n t i n g  a 
separa te  i n d e x i n g  of  t h e  f a c e  gear  r e l a t i v e  t o  t h e  b l a d e  gears .  The f i r s t  
column on each page l i s t s  t h e  s t a t i c  ang les  a v a i l a b l e  w h i l e  t h e  n e x t  two col-  
umns l i s t  t h e  co r respond ing  hub h o l e  l o c a t i o n s  f o r  t h e  l o c k i n g  p i n s .  

W i t h i n  t h i s  

One may e n t e r  t h e  t a b l e  w i t h  a d e s i r e d  s t a t i c  a n g l e  o f  say 53 degrees .  
c l o s e s t  a v a i l a b l e  s e t t i n g  i s  53.085 found on  t h e  t h i r d  page o f  Appendix  A ,  
w i t h  t h e  f a c e  gear  indexed a t  p o s i t i o n  2 .  

Re- indexing t h e  f a c e  gear  r e q u i r e s  removal  o f  t h e  s p i n n e r ,  e x t r a c t i o n  o f  b o t h  
l o c k i n g  p i n s ,  and s e p a r a t i o n  o f  f r o n t  and r e a r  hub h a l v e s .  B e f o r e  separa-  
t i o n ,  t h e  b lades  shou ld  be t u r n e d  to  an approx ima te  b l a d e  a n g l e  s e t t i n g  o f  42 
degrees;  t h i s  assures  t h a t  t h e  c e n t r a l  t o o t h  (marked w i t h  a 0) o f  a l l  b l a d e  
segment gears i s  p o i n t i n g  f o r w a r d .  
p laced  on a f l a t  s u r f a c e  such t h a t  t h e  back o f  t h e  r e a r  hub h a l f  i s  down and 
h o r i z o n t a l .  Tak ing  ca re  n o t  t o  d i s t u r b  t h e  b l a d e  a n g l e  s e t t i n g , a  b o t h  hub 
ha lves  shou ld  be separa ted .  The f a c e  gear  r e s i d e s  i n  a t i g h t l y  t o l e r a n c e d  
groove on t h e  i n s i d e  o f  t h e  f r o n t  hub h a l f  and t h u s  shou ld  rema in  i n  i t s  
groove w i t h  t h e  f r o n t  h a l f  o f  t h e  hub. 
spaces on t h e  o u t e r  p e r i p h e r y  o f  t h e  gear  i n  t h e  v i c i n i t y  o f  b l a d e  shank b o r e  
number one. The f a c e  gear  can now be re - i ndexed  t o  p o s i t i o n  2 by  a l i g n i n g  
t h e  t o o t h  space numbered ( 2 )  on t h e  face gear  w i t h  t h e  number (0)  on t h e  i n -  
ner  chamfered s u r f a c e  o f  t h e  f o r w a r d  hub h a l f .  Bo th  hub h a l v e s  may t h e n  be 
re-assembled, making su re  t h a t  a l l  b l a d e  ang les  rema in  a t  42 degrees u n t i l  
t h e  gears a r e  meshed and t h e  b o l t s  t i g h t e n e d .  The b lades  may t h e n  be t u r n e d  
t o  t h e  53 degree a n g l e  s e t t i n g s  and t h e  l o c k i n g  p i n s  i n s e r t e d  i n t o  h o l e s  14 
and 1 o f  the  f r o n t  hub h a l f .  

The 

The hub and b l a d e  assembly s h o u l d  be 

Index  numbers a r e  l o c a t e d  near  t o o t h  

I 8 .2  Blade T w i s t i n g  Lo% 

Dur ing  normal o p e r a t i o n  each Prop-Fan b l a d e  produces  a t w i s t i n g  moment abou t  
i t s  p i t c h  change a x i s .  T h i s  t w i s t i n g  moment c o n s i s t s  o f  two components. The 



f i r s t  i s  c a l l e d  t h e  c e n t r i f u g a l  t w i s t i n g  moment. T h i s  moment 
t h e  c e n t r i f u g a l  f o r c e  t r y i n g  to  a l i g n  t h e  l e a d i n g  and t r a i l i n g  
n o n - c i r c u l a r  s e c t i o n s  w i t h  t h e  p l a n e  of r o t a t i o n .  An e x p l a n a t  
l o a d i n g  which causes c e n t r i f u g a l  t w i s t i n g  moment i s  o f f e r e d  i n  

?SASA CR174791 

s produced by  
edge mass o f  
on of t h e  
F i g u r e  8-2. 

The second p a r t  o f  t h e  t o t a l  t w i s t i n g  moment i s  c a l l e d  t h e  aerodynamic t w i s t -  
i n g  moment ( A T M ) .  
c e n t e r  o f  p r e s s u r e  a t  each b l a d e  s e c t i o n  does n o t  c o i n c i d e  w i t h  t h e  p i t c h  
change a x i s  a l o n g  t h e  span o f  t h e  b lade .  
such as t h i s  model ,  t h e  e f f e c t i v e  c e n t e r  i s  f o r w a r d  o f  t h e  p i t c h  change a x i s ,  
i nboard ,  and a f t  near  t h e  t i p ,  r e s u l t i n g  i n  A T M ' s  wh ich  approach z e r o .  Ob- 
v i o u s l y ,  i f  no a i r  l oads  a r e  a p p l i e d ,  such as i n  a vacuum case, no ATM w i l l  
be genera ted .  

T h i s  moment a r i s e s  because t h e  chordwise  l o c a t i o n  o f  t h e  

I n  f a c t ,  f o r  swept Prop-Fan b l a d e s  

I For t h e  t e s t  sped of 8886 rpm, l i s t e d  i n  Table 6-1 as t h e  vacuum c o n d i t i o n ,  
each a e r o e l e a s t i c  model b l a d e  genera tes  40.3 n-m (357 i n - l b s )  of c e n t r i f u g a l  
t w i s t i n g  moment and z e r o  aerodynamic t w i s t i n g  moment. I t  can be shown t h a t  
t h e  c e n t r i f u g a l  t w i s t i n g  moment v a r i e s  s i n u s o i d a l l y  w i t h  t h e  b l a d e  a n g l e  by  
t h e  f o l l o w i n g  e x p r e s s i o n :  

i 

CTM = 357 x S I N  C(2) x (BETA = 6 . 4 6 ) l  i n - l b s  

Graph ic  r e p r e s e n t a t i o n  o f  t h e  above exp ress ion  i s  p r o v i d e d  i n  F i g u r e  8-3. 
For  r e f e r e n c e  purposes,  i n  t h e  same f i g u r e ,  t h e  b lade  a n g l e  s e t t i n g  f o r  
Feather  i s  a p p r o x i m a t e l y  84 degrees w h i l e  Reverse i s  abou t  -6 degrees.  The 
maximum CTM on t h i s  cu rve  i s  (357 i n - l b s )  and occu rs  a t  39 degrees .  T h i s  
peak was used for  t h e  des ign  o f  a l l  p i t ch-change hardware.  

8 .3 Blade P i t c h  Ad jus tment  P ins  

Because a l l  e i g h t  b lade  gears a r e  engaged t o  a common f a c e  gear  (see F i g u r e  
8-11, t h e  t o t a l  t w i s t i n g  moment developed by a l l  e i g h t  b lades  d u r i n g  t e s t i n g  
must be r e a c t e d  by t h e  f a c e  gear .  
l o c k i n g  p i n s  p l a c e d  180 degrees a p a r t  a r e  i n s e r t e d  t h r o u g h  t h e  fo rward  h a l f  
hub i n t o  t h e  f a c e  gear .  These p i n s  w e r e  des igned w i t h  t h e  f o l l o w i n g  d e s i g n  
p h i l o s o p h y :  

To p reven t  t h e  f a c e  gear  f r o m  t u r n i n g ,  two 

1 .  Use t h e  maximum t w i s t i n g  moment genera ted  by r u n n i n g  t h e  Prop-Fan a t  
8886 rpm i n  a t a k e o f f l c l i m b  c o n d i t i o n  (see Tab le  6-1) 

2 .  Use two i d e n t i c a l  6 .35 mm (0.25 i nch )  d iamete r  p i n s  180 degrees a p a r t  
for  dynamic mass ba lance and s t r u c t u r a l  redundancy. 

3. Des ign  f o r  below m a t e r i a l  y i e l d  s t resses  for t h e  worst l o a d i n g  
c o n d i t i o n .  

Two a n a l y t i c a l  des ign  approaches were examined. 
l o c k i n g  p i n s  shared t h e  t o t a l  l o a d  unequa l l y  a t  t h e  r a t e  o f  2 / 3  on one p i n  
and 1 /3  on t h e  second. The second concept assumed t h a t  t h e  f u l l  l o a d  would 

The f i r s t  assumed t h a t  b o t h  
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be borne by one p i n .  However, i n  t h e  l a t t e r  case, i t  was assumed t h a t  f r i c -  
t i o n  between the  b lade  shank and t h e  hub r e t e n t i o n  would h e l p  reduce t h e  
t o t a l  t w i s t i n g  moment r e a c t e d  by t h e  f a c e  gear and h e l d  b y  t h e  p i n .  A c o e f -  
f i c i e n t  o f  f r i c t i o n  equal  to  0.005 was assumed between t i t a n i u m  and s t e e l .  

Bending s t resses  i n  t h e  p i n  and c o n t a c t  s t r e s s e s  i n  t h e  hub and f a c e  gear  p i n  
h o l e s  were c a l c u l a t e d  u s i n g  b o t h  approaches d e s c r i b e d  above. Bo th  cases were 
i n v e s t i g a t e d ,  because r e s u l t s  were v e r y  c l o s e  t o  one a n o t h e r .  The second 
case w i t h  t h e  l o a d  on a s i n g l e  p i n ,  reduced by  f r i c t i o n ,  gave s l i g h t l y  h i g h e r  
s t r e s s e s .  There fo re ,  shear s t r e s s e s  o f  the  p i n ,  hub and f a c e  gear  were c a l -  

Max. shear 

Max. shear 

Max. shear 

These t h r e e  DO 

c u l a t e d  u s i n g  t h e  second approach. Geometry and loads  
a r e  shown i n  F i g u r e  8-4. The r e s u l t s  o f  t h i s  a n a l y s i s  

s t r e s s  i n  p i n  = 25580 - + 25580 n/cmL (37  

s t r e s s  i n  hub = 3790 2 3790 n/cmL (5500 

s t r e s s  i n  f a c e  gear = 8340 5 8340 n/cmL 

n t s  a r e  D l o t t e d  n t h e  Goodman d e s i s n  a1 

used i n - t h e  a n a l y s i s  
a r e  summarized below: 

00 37100 p s i )  

- + 5500 p s i )  

(12100 - + 12100 p s i )  

owable d iag ram i n  
F i g u r e  8-5. ' A 1  1 t h r e e  cases demonst ra te  adequate-shear  s t r e s s  marg ins .  

Lock ing  p i n  bend ing  and c o n t a c t  s t r e s s e s  were i n v e s t i g a t e d  u s i n g  a H a m i l t o n  
Standard developed computer program. T h i s  p i n - h o l e  p rogram a l l o w s  e i t h e r  an 
i n t e r f e r e n c e  o r  a c lea rance  f i t  w i t h  combined l a t e r a l  and bend ing  l o a d s .  De- 
t e r m i n i n g  t h e  o p t i m a l  engagement l e n g t h s  and d i a m e t r a l  c l e a r a n c e s  o f  t h e  p i n  
w i t h i n  t h e  hub and face gear  was an i t e r a t i v e  p rocess .  Due t o  space l i m i t a -  
t i o n s  and p i n  r e m o v a b i l i t y  c o n s i d e r a t i o n s ,  i t  was d e s i r a b l e  to  p r o v i d e  a 
s h o r t  engagement-of t h e  p i n  i n  the  face gear  and a loose f i t  o f  t h e  p i n  i n  
t h e  hub h o l e .  Severa l  engagement l e n g t h s  and c l e a r a n c e  f i t s  were e x p l o r e d .  
The l a t e r a l  l oad  r e a c t e d  by  t h e  p i n  i s  a c o n s t a n t ,  b u t  t h e  s l o p e  and moment 
w i t h i n  t h e  p i n  a r e  f u n c t i o n s  o f  t h e  geometry.  A s e r i e s  o f  separa te  ana lyses  
were conducted a t  each end o f  t h e  p i n  u s i n g  the  same l a t e r a l  l o a d  and v a r i o u s  
assumed moments. Th is  i s  i l l u s t r a t e d  i n  F i g u r e  8-6. C o m p a t i b i l i t y  f o r  a 
p a r t i c u l a r  geometry  was e s t a b l i s h e d  a t  t h e  bend ing  moment l e v e l  where t h e  
c a l c u l a t e d  p i n  s lopes ,  OH and OG matched one ano the r  a t  t h e  h u b l g e a r  
i n t e r f a c e .  

Based on  t h e  above a n a l y t i c a l  t e c h n i q u e ,  b o t h  d e s i g n  approaches ment ioned 
p r e v i o u s l y  were ana lyzed,  i n c l u d i n g :  ( 1 )  two p i n s  s h a r i n g  t h e  t o t a l  l a t e r a l  
l o a d  w i t h  a d i s t r i b u t i o n  o f  2 / 3  on one and 1 / 3  on  t h e  o t h e r ,  and ( 2 )  one p i n  
a lone  c a r r i e s  a l o a d  wh ich  has been reduced by t h e  c o n t a c t  f r i c t i o n  between 
b lade  shank and hub. P i t c h  l o c k i n g  p i n  bend ing  s t r e s s e s  a r e  p l o t t e d  i n  
F i g u r e  8-7; maximum c o n t a c t  s t r e s s e s  i n  t h e  hub and f a c e  gear  p i n  h o l e s  fo r  
t h e  govern ing  des ign  approaches a r e  p l o t t e d  i n  F i g u r e  8-8. 

8 . 4  Face and B lade Gears S t resses  

There are a t o t a l  of e i g h t  ( 8 )  b lade  gears  meshing w i t h  one f a c e  gear  i n  t h e  
hub/sp inner  assembly. The b lade  gears  a r e  c e n t e r e d  on  t h e  b l a d e  p i t c h  change 
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axes whereas t h e  f a c e  gear  i s  cen te red  on t h e  hub a x i s  o f  r o t a t i o n .  Each 
b l a d e  has one gear  a t t a c h e d  to  i t s  shank by t h r e e  p r e s s - f i t  p i n s .  
a r y  f u n c t i o n  o f  t h e  b lade  and face gear  components i s  t o  p r o v i d e  a means o f  
s e t t i n g  t h e  p i t c h  o f  a l l  b lades  s i m u l t a n e o u s l y  and t o  p r e v e n t  them from t u r n -  
i n g  under  t w i s t i n g  moments genera ted  d u r i n g  t e s t i n g .  

A s  ment ioned e a r l i e r ,  once t h e  d e s i r e d  p i t c h  i s  ach ieved,  t h e  face gear  i s  
l o c k e d  i n  p o s i t i o n  by two l o c k i n g  p i n s .  
h o l e s  on t h e  f ron t  f a c e  o f  t h e  fo rward  h a l f  o f  the  hub i n t o  match ing  h o l e s  on 
t h e  face gear .  
( 8 )  b l a d e  gears  i s  t h a t  t h i s  scheme guarantees u n i f o r m  b l a d e  ang les  among a l l  
e i g h t  (8) b l a d e s .  B lade ang le  changes can a l s o  be c a l i b r a t e d  based on  one 
s i n g l e  b l a d e  a n g l e  s e t t i n g .  

The p r im-  

These p i n s  a r e  i n s e r t e d  t h r o u g h  

The advantage o f  u t i l i z i n g  a f a c e  gear  engaged to  a l l  e i g h t  

Gear geomet r i es  and o t h e r  d e s i g n  d a t a  for t h e  b l a d e  and face gears  a r e  l i s t e d  
i n  t h e  t a b l e  be low.  S t r e s s  c a l c u l a t i o n  show t h a t  c o n s i d e r a b l e  d e s i g n  marg ins  
e x i s t  fo r  b o t h  gears .  The gear  s t r e s s  r e s u l t s  a r e  p l o t t e d  on  a Goodman de- 
s i g n  d iag ram i n  F i g u r e  8-9. 

NT 
Pd 

DP 

0 
F 

T 

W 

X 

Sb 

R 

K t  
LC F 

I tem 

Number o f  t e e t h  
P i t c h  d iamete r ,  cm ( i n . )  

D i a m e t r a l  p i t c h ,  cm ( i n . )  

P ressu re  a n g l e  (degree)  
Face w i d t h ,  mm ( i n . )  

A p p l i e d  t o r q u e ,  n-m ( i n -  

Tooth  l o a d ,  newtons ( l b s  

Lewis X f a c t o r ,  mm ( i n . )  

Steady bend ing  s t r e s s ,  n 

F i l l e t  r a d i u s ,  mm ( i n . )  

b s . )  

) 

cm2 ( p s i )  

S t r e s s  C o n c e n t r a t i o n  f a c t o r  (N ID I  
Low c y c l e  f a t i g u e  s t r . ,  n/cm2 ( p s i )  

B lade  Gear 

5 o f  16 
2.3221 
(0 .91  42)  
40.64 
(16 .00)  
27 3 0 '  
6.350 
(0 .250 )  
40.3 
(357)  
34,710 
(781 
1.27 
( .584> 
64300 
(93721 
0.023 
(0.023)  
1 .so 
32300+48460 
( 46866+7029 - 1 

Face Gear 

40 
5.8057 
(2.2857 1 
40.64 
( 16 .OO> 
27 3 0 '  
6.350 
(0 .250)  
100.9 
(893)  
34,710 
(781 1 
1.27 
( .584)  
53850 
( 78 1 00 ) 
0.023 
(0 .0231 
1 .80  
26920+48460 
(39056+70291) - 

S t r e s s  f o r m u l a e :  

W = 2 x T/Pd 
Sb = 1.5 x W/ (F  x X I  

LCF = Sb/Z+/Kt  x (Sb/2)  
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9.0 CONCLUSIONS 

As has been stated, the main objectives of the 2 ft. diameter model were to 
simulate the aeroelastic behavior of the SR-7L blade during model testing on 
the Jetstar aircraft, and to be able to withstand testing in the NASAILewis 8 
ft. by 6 ft. wind tunnel. It is appropriate here to evaluate whether or not 
these goals have been achieved. 

During a lengthy discussion on the similarity requirements for aeroelastic 
models (Section 4.11, it was found that several scaling parameters had to be 
matched. Most of these parameters were satisfied by the nature of the test 
program; that is, the model would be tested at the same atmospheric condi- 
tions, and with the same tip speed and forward velocity as the SR-7L. Also, 
the external shape of the model blade was scaled identically from the SR-7L 
blade. But in order to satisfy the remaining scaling parameters, the con- 
struction of the model would have to be identical to the SR-7L. Because of 
manufacturing limitations, this was found to be impossible. It was therefore 
assumed that if the mass and stiffness distributions of the model blade were 
matched with those of the SR-7L blade, all the requirements for an aero- 
elastic scale model could be met. 

Although some fine-tuning was required, analyses of a model constructed under 
this assumption showed good correlation with the SR-7L. As described in Sec- 
tion 6.2.4, frequencies agreed within 10% of the SR-7L and mode shapes were 
very similar. 

Flutter analysis of the aeroelastic model blade indicates that it accurately 
simulates the stability of the SR-7L at the 10,668 meter (35,000 ft.) and de- 
sign cruise condition for the Jetstar (NASA aircraft) installation, and ade- 
quately simulates the low speed, low altitude takeoff/climb condition for the 
same installation. This implies that satisfactory simulation should exist 
over the entire operating spectrum on the aircraft. 

Testing limitations at high Mach numbers may exist, however, in the 2.44 
meter ( 8  ft.) by 1.83 meter (6 ft.) NASA Lewis wind tunnel because predic- 
tions indicate the model blade is only marginally stable at high speeds. 
This stability reduction is due to increased air density, higher rotational 
speeds, and consequently greater blade deflections for wind tunnel opera- 
tion. This may limit aerodynamic performance measurements, but could serve 
as an important tool for calibration of the aeroelastic stability analysis 
code. 

The stress results in Section 6.2.3 were encouraging. Although only steady 
stress analyses were performed, the remaining cyclic stress capacities appear 
to be adequate for the operating conditions examined. However, blade cyclic 
stresses should be monitored carefully to ensure that they do not exceed pre- 
determined allowable levels. Even though the SR-7L may be subjected to many 
operating environments, the model blade operating conditions should be limit- 
ed to those described in this report. Additional analyses should be consid- 
ered for conditions significantly different than those analyzed. 

39 



NASA CRl74791 

Even with these limitations the scale model should be a useful tool in pro- 
viding informative data as t o  the aeroelastic behavior of the SR-7L. 
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APPENDIX A 

FACE GEAR INDESED AT POSITION NO. 0 

STATIC FIRST PIN SECOND PIN 
BLADE ANGLE IN HUB IN Hull 

SETTING* HOLE HOLE 
( DEGREES 1 NO. NO. 

-5.762 
-2. S77 
0.00s 
2.892 
5.777 
8.662 

11.546 
14.431 
17.315 
20.200 
23.085 
25.969 
28.854 
31.738 
34.623 
37.508 
40.392 
43.277 
46.162 
49.046 
51.931 
54.815 
57.700:t* 
60.585 
63.4G9 
66.354 
69.238 
72.123 
75.008 
77.892 
80.777 
83.662 
86.546 
83.431 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

17 
18 
19 
20 
21 
22 
23 
24 
25 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

* AT 23.62 Chl (9 .30  INCII) PLANAR (MFG) REF. STATION 
** SETTING FOR DESIGN CRUISE CONDITION 

NOTE: TABLES ARE BASED ON DISCUSSION IN SECTION 8.1 
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APPENDIX A (CONTINUED) 

FACE GEAR INDEXED AT P O S I T I O N  NO. 1 

S T A T I C  
BLADE ARGLE 

SETTING* 
(DEGREES ) 

-5.185 
-2.300 
0.585 
3.469 
6.354 
9.238 
12.123 
15.008 
17.892 
20.777 
23.662 
26.546 
29.431 
32.315 
35.200 
38.085 
40.969 
43.854 
46.738 
49.623 
52.508 
55.392 
58.277** 
61.162 
64.046 
66.931 
69.815 
72.700 
75.585 
78.469 
81.354 
84.238 
87.123 
90.008 

F I R S T  PIN 
I N  HUB 

HOLE 
NO. 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

SECOND PIN 
IN HUB 

HOLE 
NO. 

25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 
5 
6 

* AT 23.62 CM (9.30 INCH) PLANAR (MFG) REF. STATION 
** SETTING FOR DESIGN CRUISE CONDITIOS ( R E F .  PG. A - 1 )  

PLUS l(0.577) DEGREES. 
NOTES: TABLES ARE BASED ON DISCUSSION IN SECTION S.l 

INDEXING FACE GEAR REQUIRES DISASSEMBLY OF IIUB. 



APPENDIX A (CONTINUED) 

FACE GEAR INDEXED AT POSITION 

STATIC 
BLADE ANGLE 

SETTING+ 
(DEGREES 1 

-4. 608 
-1.723 

1.162 
4.046 
6.931 
9.815 

12.700 
15.585 
18.469 
21.354 
24.238 
27.123 
30.008 
32.892 
35.777 
38.662 
41.546 
44.431 
47.315 
50.200 
53.0S5 
55.969 
58.854 ** 
61.738 
64.623 
67.508 
70.392 
73.277 
76.162 
79.046 
81.931 
84.815 
87.700 
90.5S5 

F I R S T  P I N  
IN HUB 
HOLE 
NO. 

20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 

NASA CR174791 

NO. 2 

SECOND P I N  
I N  HUB 

HOLE 
NO. 

7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

* AT 23.62 CM (9.30 INCH) PLANAR (MFG) REF. STATION 
** SETTING FOR DESIGN CRUISE CONDITION ( R E F .  PG. A - 1 )  

PLUS 2(0.577) DEGREES. 
NOTES: TABLES ARE BASED ON DISCUSSION IN SECTION 8.1 

INDEXING FACE GEAR REQUIRES DISASSEMBLY OF IIUB. ~ 

43 



NASA CR174791 

APPENDIX A (CONTINUED) 

FACE GEAR 

STATIC 
BLADE ANGLE 

SETTING* 
(DEGREES ) 

-4.031 
- 1.146 

1.738 
4.623 
7.508 

10.392 
13.277 
16.162 
19.046 
21.931 
24.815 
27.700 
30.585 
33.469 
36.354 
39.238 
42.123 
45.008 
47.892 
50.777 
53.662 
56.546 
59.431** 
62.315 
65.200 
68.085 
70.969 
73.854 
76.738 
79.623 
82.505 
85.392 
88.277 
91.162 

INDEXED AT POSITION NO. 3 

FIRST PIN 
IN HUB 
HOLE 
NO. 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

SECOND PIN 
IN HUB 
HOLE 
NO. 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

* AT 23.62 CM (9.30 INCll) PLANAR (MFG) REF. STATION 
*f SETTING FOR DESIGN CRUISE CONDITION (REF. PG. A - 1 )  

PLUS 3(0.577) DEGREES. 
NOTES: TABLES ARE BASED ON DISCUSSION IN SECTION 8.1 

INDEXING FACE GEAR REQUIRES DISASSEMBLY OF IIUI) 
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APPENDIX A (CONTINUED) 

FACE GEAR INDESED AT P O S I T I O N  NO. 4 

S T A T I C  
BLADE ANGLE 

SETTING+ 
( DEGREES 1 

-3.454 
-0.569 
2.315 
5.200 
8.085 

10.969 
13.854 
16.738 
19.623 
22.508 
25.392 
28.277 
31.162 
34.046 
36.931 
39.815 
42.700 
45,585 
48.469 
51.354 
54.238 
57.123 
60.008+* 
62.892 
65.777 
68.662 
71.546 
74.431 
77.315 
80.200 
83.085 
85.969 
88.854 
91.739 

F I R S T  PIN SECOND PIN 
IN HUB 

HOLE 
NO. 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

I N  HUB 
HOLE 

NO. 

23 
24 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0 
1 
2 
3 
4 

* AT 23.62 CM (9.30 INCH) PLAHAR (MFG) REF. STATION 
** S E T T I N G  FOR DESIGN CRUISE CONDITION ( R E F .  PG. A - 1 )  

PLUS 4(0.577) DEGREES 
ROTES: TABLES ARE BASED ON DISCUSSION IN SECTION S . l  

I f iDESING FACE GEAR REQUIRES DISASSEMBLY O F  IIIIB. 
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FIGURE 5-1. PLANFORM COMPARISON 
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FOAM 
SHELL 

FIGURE 5-3. UNTWISTED PLANFORM, COMPOSITE DESIGN 
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5.56 
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3.06 

2.52 
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OFFSET SHELL 

L E  .PRIMARY 
CENTER 
LAYER 

OFFSET SHELL 

CENTER LAYER: L E  & TE ARE FOAM, MIDDLE IS TI SPAR 
OFFSET SHELLS RIGIDLY ATTACHED TO CENTER LAYER GRID POINTS 

FIGURE 6-1. FINITE ELEMENT MODEL SECTION DETAIL 

. J . a I 4 

I FINITE ELEMENT 
GENERATOR 

DEFINE INT. GEO. 
CHORDWISE MTLS 

SKETCH OF 
BREAK-UP I I GRID POINT LOCATIONS I I PROGRAM I 

SPARIFI LL 
LE, TE ( %  CHORD) 

g COMP 

GRIDS, ELEMENTS, 
MATERIALS 

COMPOSITE SHELLS 
EACH PLY: 

MATERIAL, THICK, ANGLE 
START, STOP ( %  CHORD) 

FIGURE 6-2. FINITE ELEMENT MODELING 
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FIGURE 6-3. MODEL SHANK RETENTION 

F R E E D O M  
.L BOTTOM 

FIGURE 6-4. BLADE BOUNDARY CONDITIONS 
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700 - 6P 

CAMPBELL D IAGRAM 

600 - 
500 - 
400 - 
300 - 
200 - 

0 2000 4000 6000 8000 

u -  
I 30.5 

u 20.3 

PROPELLER ROTATIONAL SPEED. REV/MIN 

6P 

(20) (40) (60) ( 8 0 )  ( 1  0 0 )  

PROPELLER ROT. SPEED x TIP RAD, io3 CM-CYCLES/MIN 

(lo3 IN-CYCLES/ M I N I  

0 2.74 M (9  FT.) DIA.  SR-7L - 1698 RPM 

0 0.62 M (24.5 IN) DIA. SR-7A - 7484 RPM 

FIGURE 6-5. COMPARISON OF CAMPBELL DIAGRAM 
AND "MODIFIED" CAMPBELL DIAGRAM 
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FIGURE 6-7. DEFLECTION CONTOUR PLOT 
8x6 WIND TUNNEL CONDITION 
8622 RPM (1=.01 IN) 
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TWIST 

k 
3.19 2.90 

8622 RPM WITH AERO LOADS 
(WIND TUNNEL CRUISE) / / 

/k 7484 RPM 4 . I g 0  WITH AERO LOADS 
(35,000 FT. CRUISE) 

:A D I  NG EDGE 

# 

DIA MODEL 
*SCALED DOWN BY: DIA LAP 

FIGURE 6-8. BLADE TIP DEFLECTIONS 



CENTRIFUGAL FORCE ( F Z )  

FLIGHT ( Y )  

NASA CR174791 

FIGURE 6-9. DIRECTIONS OF APPLIED BLADE LOADS AND MOMENTS 
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NORMALIZED CYCLIC STRESS . 

0 35000 FT. ALTITUDE, 7484 RPM 
A WIND TUNNEL, 8622 RPM 
0 TAKEOFF CLIMB, 7484 RPM 

0.5 - 

0 0.5 1 .o 

NORMALIZED MEAN STRESS 

FIGURE 6-1 3. GOODMAN DIAGRAM SPAR TENSILE STRESS - SHANK AREA 
TITANIUM (6A1-4V) GLASS BEAD PEENED 



I 

i 
I 

NORMALIZED CYCLIC STRESS 

NASA CR174791 

I 0 35000 FT. ALTITUDE, 7484 RPM 
A WIND TUNNEL, 8622 RPM 
0 TAKEOFF CLIMB, 7484 RPM 

1 .o 

I 
I 

I 
I 

I 0.5 
I 

0 
0 0.5 1 .O 

NORMALIZED MEAN STRESS 

FIGURE 6-14. GOODMAN DIAGRAM SPAR TENSILE STRESS - 
AIRFOIL AREA TITANIUM (6Al-4V) UNPEENED 

71 



NASA CR174791 

z 

W 

3 

LL. 

a 
2 



NASA CR174791 

z - a a 

u u a 

z 
0 
k n z 
8 
W 
v, 

-I 
W z z 
3 
I- 

- z 
z 
0 
9 

- 
\ - 
c 

w 
Cb 
c 

73 



NASA CR174791 

ORIGINAL PAGE 1s 
W POOR QUUm 

W 
u 
LL 
a 

74 

z 
0 
I- 
- 

J u 

n a 

r; 
Cb 

a 

c 

W 

3 
(3 
LL 
- 



I NORMALIZED CYCLIC STRESS 

0.5 

0 35000 FT. ALTITUDE, 7484 RPM 
A WIND TUNNEL, 8622 RPM 
0 TAKEOFF CLIMB, 7484 RPM 

,IO8 CYCLES - MINIMUM STRENGTH 

0 
0 

REDUCTION IN MODULUS 

\ I  
u 

I # I 

0.5 

NORMALIZED MEAN STRESS 

1 .o 

FIGURE 6-18. GOODMAN DIAGRAM SHELL TENSILE STRESS 
FIBERGLASS CLOTH -25O. + 65' 
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NORMALIZED CYCLIC STRESS 

0 35000 FT. ALTITUDE, 7484 RPM 
A WIND TUNNEL, 8622 RPM 
0 TAKEOFF CLIMB, 7484 RPM 

1 .o 

I-- --- 
I-- 

0.5 - 

0 I 
0 0.5 1 .o 

NORMALIZED MEAN STRESS 

FIGURE 6-19. GOODMAN DIAGRAM SHELL TENSILE STRESS GRAPHITE 00,300 
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NORMALIZED CYCLIC STRESS 

1 .o 

0.5 

0 

- 
0 
A WIND TUNNEL, 8622 RPM 
0 TAKEOFF CLIMB, 7484 RPM 

10668 M. (35000 FT.) ALTITUDE, 7484 RPM 

I-- --- 
I-- 

- 

I 
0 0.5 1 .o 

NORMALIZED MEAN STRESS 
FIGURE 6-23. GOODMAN DIAGRAM FOAM TENSILE STRESS 

0.128 GMS/CM3 (8 LBS/FT3) FOAM 
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FREQUENCY x TIP RAD, 103 CM-CYLEWSEC 
( lo3 IN-CYCLEWSEC) 

6P 0 
0 
A 

SR-7A, 10668 M (35000 FT) CRUISE 
SR-7L, 10668 M (35000 FT) CRUISE 
SR-7A, 2.44 M (8 FT) BY 1.83 M (6 FT) 5P 

WIND TUNNEL 

4P 

A 3P 

A 
2P 

I I I I I 

PROPELLER ROTATIONAL SPEED x TIP RAD, l o 3  CM-CYCLEWSEC 
(103 IN-CYCLESISEC) 

FIGURE 6-24. MODIFIED CAMPBELL DIAGRAM 
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FREQUENCY, HZ 

loo0 r 
WIND TUNNEL CONDITION - 8622 RPM 

4 6 8 10 12 0 2 

RPM X 10 -3 

FIGURE 6-25. CAMPBELL DIAGRAM AEROELASTIC MODEL 
314 - 57.57' 
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FLUTTER MN = 0.95 
MODE 3 I I I I 

CONDITIONS: CRUISE 
35,000 FT 
7484 RPM 

CALCULATION OPTIONS: PARTIAL CASCADE 2.0 S/C 
THEORETlCAL DATA 
NO TIPLOSS 

VISCOUS DAMPING RATlO 
LEAST STABLE 

0.04 INTERBLADE PHASE ANGLE 

MODE 4 

0.02 MODE 1 

MODE 2 

MODE 3 
- ------- 0 

MACH NUMBER 

FIGURE 6-32. SR-7A AEROELASTIC MODEL STABILITY DESIGN CRUISE CONDITION 



MODEL 
2 FT DIA 

VISCOUS DAMPING RATIO 

0.03 0.03 - 
0.02 - 0.02 

0.01 - 0.01 

I I I I -0.01 

NASA CR174791 

- MODE 4 

MODE 1 
- 
- 

MODE 2 
0 -  

I I I I 

LARGE SCALE 
9 FT DIA 

VISCOUS DAMPING RATIO 

FIGURE 6-33. SR-7A AEROELASTIC MODEL STABILITY COMPARISON 
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. I  2 

.IO 

.OS 

.06 

.04 

.02 

0 

-.02 

SEA LEVEL 
7404 RPM 
= 30.26 THEORETICAL DATA 

PARTIAL CASCADE 2.0 516 

N O  TIPLOSS 

FLUTTER M = . 5 6  
MODE 3 

0.3 0.4 0.5 0.6 0.7 

MACH NUMBER 

D E  PHASE ANGLE 

135 (CONVERGENCE 
PROBLEM AT 

MACH .7) 

MODE 2 

i 

D 
MODE 3 

FIGURE 6-34. SR-7A AEROELASTIC MODEL STABILITY TAKE-OFF CLIMB CONDITION 
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NASA LEWIS 8 X 6 WIND TUNNEL SIMULATION 

7520  FT ALTITUDE 
8622 RPM NO TIPLOSS 

PARTIAL CASCADE 2.0 516 

THEORETICAL DATA 

(L.A.P. PROCEDURE) 

.10 

.08 

.06 

,011 

.02 

0 

-.02 

.3 .4 .5 .6 .7 

TUNNEL M A C H  NUMBER 

.8 

FIGURE 6-35. SR-7A AEROELASTIC MODEL STABILITY-WIND TUNNEL CONDITION 
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a .04 a 
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I 

0 

-.02 

NASA LEWIS 8 X 6 WIND TUNNEL SIMULATION 

7520 FT ALTITUDE PARTIAL CASCADE 2.0 516 

8622 RPM TIP LOSS R/R = .9 

EMPIRICAL D A T A  

(MODIFIED ANALYSIS) 

L ~ A S T  STABLE I 
-ERBLADE PHASE 

0 

.3 .4 .5 .6 .7 .8 

TUNNEL MACH NUMBER 

225 

MODE 3 

MODE 2 

FIGURE 6-36. SR-7A AEROELASTIC MODEL STABILITY 
WIND TUNNEL CONDITION MODIFIED ANALYSIS 
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I 

RETENTION 

FORWARD HUB 

NASA CR174791 

I 

RETENTION 

SPINNER + 
FORWARD HUB 

FIGURE 7-1. BLADE RETENTION AND HUB DETAIL SKETCH 1 BOLT 

REAR 

HUB 
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CENTRIFUGAL 
LOAD 

POWER REACTION 

ROTATION 

FIGURE 7-2. BLADE RETENTION LOADS 
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0.6al  

0.679 

P.D. - 
BLADE 

BLADE 

0.803 P. D IA .  

C F  * 5486 LB SBM = 910 IN-LBS 

PN = CF/COS 45O 45' + 4' SBM/(PD ' COS 45') 
PN = 14,169 LBS 

LOAD/LINEAR IN. = PN/(R * PD)  = 561 7 LB/IN. 

USING LB/IN. AND RETENTION DIMENSIONS SHOWN, 
T H E  CONTACT STRESS COMP.UTER PROGRAM 
RESULT IS 45,800 PSI MAX.  

AS L O W  CYCLE FATIGUE, 22.900 2 22,900 PSI 

FIGURE 7-3. BLADE RETENTION STRESSES 
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I NORMALIZED CYCLIC S T R E S S  

' - O  

0.5 

0 
0 0.5 1 .o 

NORMALIZED MEAN S T R E S S  

FIGURE 7-4. GOODMAN DIAGRAM CONTACT STRESS ALLOWABLE 
6AL-4V TITANIUM 35 RC BLADE RETENTION 
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FIGURE 7-5. FORWARD HUB 2-D MODEL 
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FIGURE 7-6. FORWARD HUB DEFLECTED SHAPE 
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NORMALIZED CYCLIC STRESS 

1.0 1 1  

CYCLES 

SECTION A-A 

SECTION B-B 

0.5 

NORMALIZED STEADY STRESS 

a 
0 

FIGURE 7-7. HUB LIP STRESSES (AMs 641 5 40-44 RC) 

0 
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=910 I SBI CF15.486 LBS. BS. 

I 

I 

I 
I 
I 

SEPARATING LOADS 
CAUSED BY CENT. FORCE SEPARATING LOADS 

CAUSED BY BENDING 

O F  CIRCUMF. + PD - 
ScF = PcF/TAN 45O i LOAD PER INCH IN 

MeX SEP. 
sB = P ~ / T A N  450 - LO A D/I N. 

PLANE O F  RETENTION 

C = SCF * PD ISEPARATINGLOAD 
PER BOLT 

B SB *PD*(;) = L::fTPER 
C = 1746 LBS/BOLT 

= 91 9 LBS/BOLT 

TOTAL LOAD C + B 2665 LBS/BOLT 

FIGURE 7-8. S R 7  BOLT LOADS 
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BOLT STRESS 
L T  = C+B 

L T  = 1746+9 19 = 2665 LBS 

STRESS AREA - 0.0665 IN2 

s = LT/A = 40.1 0 0  PSI 

0.375-24 THREAD 

YIELD MS 

MS = (I 40.000/40. I O O ) - 1  
MS = 249% 

REQUIRED PRELOAD TORQUE 
T = f * D * L  

f = COMBINED FRICTION = 0.147 

T = 147 IN-LB (MINIMUM) 

T = 0.147 * 0.375 2665 

FIGURE 7-9. SR7 BOLT STRESS 

PITCH CHANGE 

BLADE GEAR 

MASS BALANCED) 

VERNIER ADJUSTMENT 

24 HOLES, GEAR 
26 HOLES, HUB 

FACE GEAR ANGULAR INCREMENTS = 1.154 DEGS 
BLADE ANGULAR INCREMENTS = 2.885 DEGS 

NOTE: FOR FINER VARIATIONS OF BLADE PITCH, FACE GEAR 

M A Y  BE RE-INDEXED TO BLADE GEAR (AFTER HUB 
DIS-ASSEMBLY) TO PROVIDE AS LOW AS 0.577 DEGREE 

BLADE INCREMENTS. 

FIGURE 8-1. PITCH CHANGE DETAIL SKETCH 
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" I  
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BLADE ANGLE @ 0.75 RADIUS - DEGREES 

FIGURE 8-3. SR7 BLADE CENTRIFUGAL TWISTING MOMENT 
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r x  

C-C 

B J  A-A B-B 
- H U B S  - - 

DESIGN PHI LOSOPHY X 

Y 

Z 
N 

USE MAXIMUM TEST LOADS 
(TOTAL TWIST MOMENT 8 950 FPS) 

- SHEAR AREA PIN - 0.049 IN2 

- SHEAR AREA HUB - 0.334 IN2 

- SHEAR AREA GEAR - 0.150 IN2 

- NUMBER OF BLADES 
USE 2 IDENTICAL PINS, 180° APART PDF - PITCH DIA. FACE GEAR 

DESIGN FOR BELOW YIELD STRESS: PDS - PITCH DIA. BLADE GEAR 
1 )  FOR LOAD O N  ONE PIN, PDI - DIA. OF GEAR SHEAR SURFACE 

COEF OF FRICTION = 0.05 TTM - BLADE TWISTING MOMENT 
2) LOAD SHARED, 213 ON ONE PIN LUG LOAD = N TTM PDFdPDS/L * PDI) 

(1 PIN) 
LUG LOAD = 3647 LB. 

= 8 * 248 * 2 . 5 0 / ( 0 . 5  * 2 . 7 2 )  ASSUME NO FRICTION 

FIGURE 8-4. PITCH ADJUSTMENT PIN - SHEAR STRESSES 
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I .o 
SR-7M F P S  
LOAD C A R R I E D  
B Y  O N E  PIN. 
COEFFICIENT OF 

- 
- 

0.5 

0 
0 0.5 

NORMALIZED MEAN S T R E S S  

1 .o 

FIGURE 8-5. SHEAR STRESS GOODMAN D I A G R i M  (AMs 6415 40-44 RC) 
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{ G E A R  y/ \ 

FIGURE 8-6. PITCH ADJUSTMENT 

STRESS CALCULATIONS 

RAN HS COMPUTER PROGRAM TO 
ANALYZE PIN IN HOLE PROBLEM 

ITERATED GEOMETRY (PIN/HOLE 
CLRS (i. ENGAGEMENT LENGTH) 

DID COMPATIBILITY STUDY FOR 
EACH GEOMETRY COMBINATION 
TO MATCH SLOPE A N D  MOMENT 
AT POINT A 

REVIEWED PIN BENDING A N D  
PIN/HOLE CONTACT STRESSES 
AND ITERATED UNTIL  ACCEPT- 
ABLE DESIGN FOUND 

PIN BENDING & CONTACT STRESSES 
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NORMALIZED CYCLIC STRESS 

I .O SR-7M 950 FPS 

A STRESS WITH LOAD 
O N  SINGLE PIN, 
COEFFICIENT O F  
FRICTION I 0.05 - 

0 STRESS W I T H  LOAD 
SHARED BY TWO 
PINS. 213 LOAD O N  
ONE. N O  FRICTION. 

- 

- A 
0 

- 
- 

1 I I I I I 1 I 0 
0 0.5 

FIGURE a-7. 

NORMALIZED STEADY STRESS 

PITCHLOCK PIN BENDING STRESS GOODMAN DIAGRAM (AMs 641 5 40-44 
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NORMALIZED CYCLIC HERTZ STRESS 

1 .o 

/ 
/ 0.5 

tHUB STRESS WITH LOAD O N  
SINGLE PIN, COEFFICIENT O F  
FRICTION = 0.05 

)GEAR STRESS WITH LOAD SHARE1 
BY TWO PINS. 213 LOAD O N  ONE. 
NO. FRICTION. 

0 0.5 
NORMALIZED MEAN HERTZ STRESS 

FIGURE 8-8. HERTZ CONTACT STRESS ALLOWABLE (AMs 6415 40-44 RC) 

1 .o 
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NORMALIZED CYCLIC STRESS 

1 .o 

0.5 

i 
" 

0.5 1 .o 0 

NORMALIZED STEADY STRESS 

FIGURE 8-9. GOODMAN DIAGRAM AMS 6415 40-44 RC GEAR STRESSES 
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TABLE 3-1. MODEL DESIGN CONDITIONS ANALYZED 

SR-7A AERO/ELASTlC MODEL 

PARAMETERS 
~~~~ 

SHP/D*'P 

FWD VEL 

ALTITUDE (FT) 

TIP SPEED (FPS) 

RPM 

EXCIT FACTOR 

BETA 3/4 (DEG) 

HORSEPOWER 

THRUST (LBS) 

1 
JETSTAR 
DES/CR 

32.0 

0.80 MN 

35,000 

800 

7484 

0.0 

57.57 

133.4 

7 5  

2 
WIND T. 
PERFM 

120.0 

0.80 MN 

7520 Ea 

91 1.7 

8622 

0.0 

57.57 

5 0  1 

244 

3 
WIND T. 

MAX RPM 
0.0 

0.80 MN 

7520 EQ 

950 

8886 

0.0 

VARIES' 
II 

I 1  

* BETA 3/4 OF 39 DEG GIVES MAXIMUM C.T.M. 
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ONSET OF 
FLUTTER RESONANT FREQUENCIES (RELATIONS) 

I I 
I I 

INTERATIONS TO MATCH 
PRELIMIMARY SR-7L BLADE 

> LAP PDR (9 FT  DlA)  

0 MODEL. EXACT-SCALE FEA. 
.72 IN. DIA. SHANK 

b MODEL, EXACT-SCALE FEA. 
,625 IN. DIA. SHANK 

0 MODEL 7. NEW CONST FEA. PDR GEOM 

INTERATIONS TO MATCH > LAP DDR BLADE (9 FT D l A I  

0 MODEL 8. NEW FEA. DDR DEFL 
FINAL SR-7L BLADE 

GEOM. .625 SHANK (275' GRAPHITE) 

.68 DIA SANK, ( t 75' GRAPHITE) 
0 MODEL9C. SAME AS 9 EXCEPT 

CORRECTED GRAPHITE TO 0.80 DEG 
0 MODEL 10. SAME AS 9C EXCEPT 

.66 DIA SHANK, :25'GRAPHITE 
0 MODEL 11 SAME AS 9C EXCEPT 

.66 DIA SHANK. ADDED MASS LE 

0 MODEL9. SAME AS 8 EXCEPT 

FINAL SELECTED 

0.79 MN 

0.85 MN 

0.55 MN 

0.82 MN 

0.55 MN 

0.83 MN 

- 
9 
I 
I 
P 
A 
F 
1 

i 

VI 
I 

I 
3 
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MODE 

1 

2 

3 

4 

5 

- 

TABLE 6-2. AEROELASTIC MODEL AND SR-7L BLADE FREQUENCIES 

SR-7A FREQ, S R - 7 L  FREQ, 
Hz H r  

207.5 43.2 

376.0 80.1 

468.6 1 0 1 . 0  

642.5 148.3 

782.3 168.6 

SR-7A FREQ 
X TIP RADIUS, 

CM-CY CLES/SEC 
(IN-CYCLES/SEC) 

S R - 7 L  FREQ 
X TIP RADIUS, 

CM-CYCLES/SEC 
(IN -CY CLES/SEC) 

6 4 5 7  
(2542) 
11699 
(4606) 
14580 
(5740) 
19990 
(7870) 
2434 1 
(9583) 

5926 
(2333) 
10986 
(4325) 
13856 
(5455) 
20335 
(8006) 
23127 
(9105) 

DIFF. 
t % )  

+9.0 

+6.5 

+5.2 

- 

-1.7 

+5.2 
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APPENDIX  D 

D E S I G N  LAYOUTS 
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